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Abstract
Alloying presents a unique opportunity to combine the chemical and physical
properties of two or more metals into one material. This phenomenon can also be used
for multi-metallic nanoparticles (NPs), where in conjunction with the size effects induced
by quantum confinement, new properties or phase behavior can emerge. The properties
of nanoalloys are highly dependent on their composition and morphology, which are
contingent upon the method in which they are synthesized. Finding ways to control, or
even design, the composition and morphology of nanoalloys could potentially open the
door for a standardized approach for creating nanomaterials with unique and desirable
properties. In my dissertation research, I designed core/alloy NPs by manipulation of
interfacial oxidation and atomic diffusion via galvanic exchange, Cabrera-Mott oxidation,
and Kirkendall diffusion. A novel method for the fabrication of FeNi-M3O4 (M = Ni, Fe)
heterostructures by galvanic exchange is discussed. Using α-Fe NPs as a template,
galvanic exchange was shown to occur if a significant redox potential occurs between the
template nanoparticle and the deposition metal. Deposition of metallic Ni or Cr onto the
Fe template NP allows for effective alloying as well as control over the symmetry of the
final core/alloy NP morphology. Depending on alloy shell thickness, oxidation results in
Kirkendall void formation essentially allowing for control over the morphology of hollow
core/alloy NP. Formation of an outer oxide shell creates a stainless steel-like interface,
which results in passivation from further oxidation. Finally, I describe Mn doping into
ZnSe quantum dots, where energy transfer occurs from the host semiconductor, ZnSe, to
the dopant excited state, which lies within the bandgap of the host material.
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centrifugation.
Figure 1.4. A schematic diagram of the synthesis of alpha-Fe nanoparticles. (i) The Fe
precursor, Fe(CO)5, is injected into octadence (ODE), oleylamine (OAm), and
hexadecylammonium chloride (HDA Cl) at 180 °C. (ii) Hot injection results in CO
evolution and dispersion and supersaturation of Fe0 monomer. (iii) Monomers undergo
cluster formation. (iv) Clusters nucleate to solid phase nanoparticles to reduce overall
free energy of the system. Body-centered cubic is the preferred crystalline lattice of Fe0.
(v) A dispersion of sizes of α-Fe nanoparticles is attained as nuclei grow during annealing
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greater flux of cations outward than anions inward results in the formation of vacancies
(ii). Once an maximum oxide shell thickness is reached, flux is ceased and vacancies
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Chapter 1
Introduction

1.1

Bimetallic Core/Alloy Nanoparticles

1.1.1

The Significance of Bimetallic Core/Alloy Nanoparticles
Multi-metallic nanoparticles (NPs) are an important research topic as a result of

the many unique properties that do not resemble the bulk or individual NP counterparts.
These materials have been shown to have exciting electronic,1 catalytic,2 and optical3
properties that are almost always greater than the combination of the individual
nanomaterials. The potential applications of bimetallic NPs increases dramatically, as
compared to the monometallic counterparts, as a result of the combination of phases in
discreet nanoscale dimensions.4 Unique properties of bimetallic nanomaterials are
achieved depending on the metal and approach used during preparation. For instance,
Fe3O4/Au core/shell5 NPs have the both the magnetic properties of the core and
plasmonic properties of the shell and Fe3O4-Pt heterostructures6,7 exhibit magnetic and
catalytic bifunctionality.

Alloy NPs, such as FexCo1-x alloy NPs,8 exhibit unique

magnetic properties due to the combination of ferromagnetic Fe and ferromagnetic Co.9
Challenges arise in the fabrication of bimetallic NPs such as phase segregation, oxidation,
and redox reactions. As a result of these challenges, a well-defined method for the
preparation of these nanomaterials has not yet been achieved. As our understanding of
the formation and synergistic properties of bimetallic nanosystems increases, we learn to
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create better materials with greater control, allowing us to better apply them to
technology. This also strengthens our understanding of nanoscale phenomena, resulting
macroscopic characteristics, nanostructure/function relationships, and novel applications.

1.1.2

Nanoparticle Nucleation and Growth Theory
Two approaches are typically considered in the synthesis of nanoparticles, a

bottom up and a top down approach. The top down approach utilizes larger devices to
direct the formation of smaller systems. A bottom up approach seeks to arrange small
components into complex assemblies.

Synthesis of metal and semiconducting

nanoparticles may be conducted via physical, chemical, and biological methods. In the
spirit of this dissertation, the main focus will be on the chemical synthesis of metallic
nanoparticles, which is a bottom up approach.
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Figure 1.1. A schematic diagram showing the two approaches of nanoparticle synthesis.
Top-down approaches involve the degradation or etching a bulk material to its
nanoparticle sized counterpart. The bottom-up approach involves the chemical synthesis
from metal precursor monomers to form nanoparticles.
Classic nucleation and growth theory, subsequently described and shown in Equation 1,
governs the thermodynamics and kinetics of the chemical synthesis bottom-up
approach.10,11

ΔG =

!!!!
!

!r ! !! − !! + 4!! ! !

(Equation 1)

When the concentration of a monomer in a solution exceeds its equilibrium solubility (or
the temperature decreases below the phase transformation point), a new phase appears.
This results in the homogenous nucleation of a crystal phase from a super saturated
solution with chemical potential of µC. A supersaturated solution possesses high Gibb’s
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free energy (ΔG), or high solution chemical potential (µS), which can be reduced by
separating the solute from the solution. Under certain conditions, formation of a new
phase and a decrease in entropy results in the reduction of the overall ΔG of the system.
Reduction of ΔG is the driving force for both nucleation and growth of nanoparticles.
Formation of a solid phase and maintaining an equilibrium concentration in solution
results in the reduction of the overall ΔG of the supersaturated solution. The change of
ΔG per unit volume is also dependent on the monomer concentration and surface
tension.12
Without supersaturation of monomers, the ΔG per unit volume would be equal to
zero, therefore no nucleation would occur. In the synthesis of metallic nanoparticles,
when the concentration of metal monomers is greater than the equilibrium concentration,
the ΔG per unit volume is negative and nucleation occurs spontaneously. Assuming
formation of a spherical nanoparticle, the ΔG is counter balanced by the introduction of
surface energy (σ). Surface energy accompanies the formation of the new phase. The
larger the volume becomes, the greater the surface area of the new phase. This results in
repulsive forces between the nucleated particles, increasing the ΔG of the system, due to
the increased surface energy per particle. As the radius increases (r), surface free energy
increases exponentially and volume free energy decreases exponentially.13 The result of
this counterbalance is that the overall change in ΔG (as a function of r) has a minimum
nucleation radius (r*) as shown in Figure 1.2.
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Figure 1.2 Free energy diagram for nucleation depicting the formation of a critical
nucleation radius due to increasing interfacial energy and volume free energy.14
The change in Gibb’s free energy is only stable when the radius exceeds a certain
critical size. A nucleus with a radius larger than the critical radius continues to grow
larger, which results in a decrease in the overall free energy of the system. Because of
this, a critical energy barrier must be overcome and the nucleus must have a minimum
size to be stable before nucleation occurs. Critical radius is representative of the limit to
how small the resulting nanoparticles can be. Increasing the supersaturation, or having a
higher monomer concentration can largely reduce critical size and Gibb’s free energy.
Temperature also affects surface energy.

Supersaturation increases with decreasing

temperature.15
Size distribution of nanoparticles is dependent on the subsequent growth process
of nuclei. Multiple steps are involved in the growth of nuclei. The major steps are: (1)
generation of growth species, (2) diffusion of the growth species from solution to the
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growth surface, (3) adsorption of growth species to growth surface, and (4) surface
growth through irreversible incorporation of the growth species onto the solid surface.
Steps (1) and (2) involves supplying the growth species to the growth surface (generation,
diffusion, and adsorption) and is generally termed diffusion. Steps (3) and (4) involve the
incorporation of the growth species adsorbed on surface in the solid structure and is
denoted generally as growth.
The overall size distribution is dependent on whether the growth process follows a
diffusion-limited or growth-limited pathway.16 When the concentration of the monomers
drops below the minimum concentration for nucleation, nucleation stops and growth
continues via reserve monomers diffusing to the particle surface. A diffusion-controlled
growth promotes the formation of uniformly sized particles. In a typical synthesis,
annealing allows for diffusion-controlled growth to go to completion. When diffusion of
monomers to the growth surface is very fast (the concentration of monomer is the same
on the surface as on solution) the growth rate is controlled by the surface process.17
Mononuclear growth and poly-nuclear growth are the two mechanisms available
for the surface process. Mononuclear growth is growth that occurs layer by layer. The
monomers are incorporated into one layer and proceeds to another layer only after the
growth of the previous layer is completed. The growth rate is proportional to surface area
of the nanoparticles.18 This mechanism is apparent in typical shell addition and alloying
and the Successive Ion Layer Adsorption and Reaction (SILAR) method.19 In such cases,
the diffusion rates of multiple monomers must be considered. Poly-nuclear growth
occurs when the surface monomer concentration is extremely high. The surface process is
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so fast that the second layer growth proceeds before the completion of the first layer.
This results in a relative radius difference between nanoparticles, which is inversely
proportional to the overall radius and growth time. As the particles become larger, the
relative radius difference decreases. This type of process also favors monodispersity.
When the supply of monomers is slow, the diffusion-controlled process predominates the
growth of the nuclei. For monodispersity, a diffusion-limited growth is desired, which
can be achieved with a low concentration of monomers. In this case, the diffusion
distance becomes large; therefore diffusion becomes the limiting step. 20

1.1.3

Bimetallic Nanoparticle Synthesis
Chemical synthesis of bimetallic core/alloy nanoparticles has become an

important area of research for the reasons previously mentioned. Bimetallic core/alloy
NP synthesis typically involves the decomposition of one precursor to form a core NP
followed by the addition and decomposition of a second metal precursor to form a shell
or alloy shell on the core. The simultaneous decomposition of metal precursors is also a
route utilized to produce bimetallic core/alloy NPs.

Several aqueous7,21–24 and

organometallic4,25–28 methods are available for the fabrication of bimetallic core/alloy
nanoparticles.
To produce bimetallic nanoparticles via aqueous synthesis, the precursors must be
soluble in water and a strong reducing agent must be used to produce the zero valent
monomer species to allow for metallic bonding.29 Water-soluble surfactants are also
required to not only facilitate monomer diffusion, but also to stabilize the resulting
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particles in the solvent. The surfactant prevents particles from aggregating to maintain
colloidal stability in the solvent as well as to minimize oxidation at the surface of the
particles. For example, in water it is ideal to functionalize the nanoparticles with a
surfactant with a polar end group to remain soluble in water. A reducing agent, such as
hydrazine or lithium aluminum hydride, might be used to reduce the metal precursors,
and a hydrophilic polymer, such as polyacrylamide, might be used to stabilize the
particles in solution. Nanoparticle functionalization will be discussed in greater detail
later in this section. An example of an aqueous synthesis of FeNi NPs is shown in Figure
1.3.

30

Hydrothermal synthesis by microwave irradiation has also been shown to be a

very promising route for the fabrication of bimetallic core/alloy nanoparticle. Ability to
control alloy composition, particle shape, and particle sizes are a few obstacles in the
aqueous synthesis of bimetallic core/alloy NPs.
140 mg FeSO 4 7H2O
+
150 mg NiSO 4

6H2O

+
1.4 g H

O

OH

n

5 mL N 2H 4 H 2O
0.5 M NaOH

FeNi NP

H 2O, Ar
80 oC
20 minutes

Polyethylene Glycol (PEG)
Polymer Encapsulation

Figure 1.3. Schematic representation of a reaction to form PEG encapsulated FeNi
nanoparticles. Fe and Ni precursors FeSO4!7H2O and NiSO4!6H2O, respectively, and
polyethylene glycol are decomposed in water. A basic hydrazine solution (N2H4!H2O in
0.5 M NaOH) is dropped into the precursor mixture at 80 °C to nucleate PEG
encapsulated FeNi NPs The particles are cleaned by isopropanol precipitation and
centrifugation.
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A common organometallic synthetic route is the hot injection method.31 This
method utilizes the injection of precursors into a hot, coordinating or non-coordinating,
solvent to promote the nucleation and growth of solid-phase nanoparticles. A schematic
diagram of the synthetic process is shown in Figure 1.4. A typical organometallic
synthesis of monodisperse iron nanoparticles involves the thermal decomposition of an
iron precursor, such as iron (0) pentacarbonyl, to produce Fe monomers and subsequently
iron nanoparticles.32 The process is performed under inert atmosphere, such as Ar or N2,
to prevent the oxidation of iron. Relatively low temperatures (180 °C) can be used in
these types of syntheses.

Utilization of a relatively low temperature favors

supersaturation of the Fe monomers. To achieve the same level of supersaturation at
higher temperatures, a higher monomer concentration could be used. The relatively large
volume ensures that a diffusion-controlled process will dominate the growth process of
the nucleated α-Fe nanoparticles. Annealing time is typically allowed so that the growth
process may be completed.

In the synthesis of metallic nanoparticles, the metallic

monomer needs to be reduced before nucleation can occur (promote the formation of
metallic bonds). In this case, the iron precursor is already in its zero oxidation state.
Hexadecylammonium chloride (HDA Cl), a mild reducing agent, is used to keep the Fe in
a reducing environment and oleylamine (OAm) is used as a ligand.33
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Figure 1.4. A schematic diagram of the synthesis of alpha-Fe nanoparticles. (i) The Fe
precursor, Fe(CO)5, is injected into octadecene (ODE), oleylamine (OAm), and
hexadecylammonium chloride (HDA Cl) at 180 °C. (ii) Hot injection results in CO
evolution and dispersion and supersaturation of Fe0 monomer. (iii) Monomers undergo
cluster formation. (iv) Clusters nucleate to solid phase nanoparticles to reduce overall
free energy of the system. Body-centered cubic is the preferred crystalline lattice of Fe0.
(v) A dispersion of sizes of α-Fe nanoparticles is attained as nuclei grow during annealing
process. Not shown here is the OAm and HDA Cl functionalization on the individual
particles.
Addition of an alloy shell is typically performed by the addition of a second
metallic precursor. For instance, to fabricate Fe/FeCr core alloy NPs a Cr precursor such
as chromium (III) acetylacetonate or chromium (0) hexacarbonyl dissolved in OAm or
THF would be used for the shell addition. During annealing, the core and shell will alloy
to form the bimetallic core/alloy shell NPs functionalized with OAm and HDA Cl on the
surface of the particles.34–37 Purification of the resulting particles are typically performed
by ethanol precipitation and centrifugation multiple times to remove unreacted precursors
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and reaction solvent. The particles are then redispersed in the desirable polar or nonpolar
media such as water or hexane, respectively. An example of metallic shell addition is
shown in Figure 1.5.

M
α-Fe

M= Co, Ni, Cr, etc.
0.1 M M(acac)n in THF
ODE, Ar
180 oC

α-Fe

= HDA Cl or OAm

Figure 1.5. Schematic representation of metallic shell growth onto α-Fe nanoparticles.
Regardless of the synthetic method used, the resulting nanoparticles are typically
functionalized with the ligand used during the synthetic process. Ligands not only play a
significant role in solubilizing the particles and preventing aggregation, but also in metal
monomer diffusion. This particular role of ligand allows for the tuning of NP size and
shape depending on the surfactant concentration and coordination. For example, Peng
and coworkers showed the ability to tune the shape and size of magnetic oxide NPs by
varying the concentrations and chain lengths of carboxylic acids and primary amines.38
They showed that using bi or tridentate ligands, such as phosphonic acids, have been
shown to bind stronger to certain facets, allowing other facets to grow faster resulting in
asymmetrically shaped NPs.39 Numerous pathways are available to functionalize NPs
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depending on the type of NP. Functionalization can also be performed post-synthetically
by ligand exchange.40 Ligand exchange can also be used to phase transfer NPs from
organic to aqueous media or the reverse order.

The surface chemistry used to

functionalize the NPs can also affect the potential applications of the NPs. For example,
NPs may be functionalized with biomolecules, such as proteins41–43 or DNA44, to aid in a
variety of applications, such as drug delivery45,46, self-assembly47,48, sensing49, and
imaging50,51. Figure 1.6 shows potential ways to functionalize NPs.
surface bound: amine, carboxylic acid, phosphonic acid, thiol, nucleotide, amino acid, etc.
head group: carboxylic acid, alcohol, amide, phosphate, protein , DNA, etc.

alkyl chain

Nanomaterial

Nonpolar: phenyl,alykyl, etc.

= polymer chain
n

Figure 1.6. Schematic Diagram showing the numerous ways to functionalize
nanomaterials. Soft interactions of the ligands bind them to the nanoparticle surface. A
multitude of surface chemistry is possible depending on the identity of the head group.
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1.2

Alloying in Nanoparticles

1.2.1

Bulk vs. Nanoscale Alloying
Various types of alloys are utilized for every day objects, such as cutlery; to

advanced durable lightweight materials used in spacecrafts, typically titanium, aluminum,
and magnesium alloys. Alloys such as bronze have been used to make tools and weapons
in civilizations as early as 3000 BC.

Iron alloys have been utilized in the certain

civilizations as early as 1600 BC at the beginning of the Iron Age to make tools and
weapons.52 While they did not have the understanding that we do today of atomic
structure, even some of the earliest known civilizations were able to engineer and
manipulate these solid solutions to create sturdy materials for a variety of applications.
For example, the smelting and forging process of Japanese steel was extremely complex
for its time, indicating a certain level of understanding of metallurgy and manipulation of
metals to some extent.53 In reality, there are many variables that affect the specific
physical properties of alloys during their forging.
Some of the physical properties that are considered when forging an alloy are
shear and tensile strength, ductility, thermal and electrical conductivity, density,
reactivity, ferromagnetism, toughness, melting temperature, and hardness. In many cases
these physical properties are intermediate those of the pure state of the constituent metals
that make up the alloy.54,55 In some cases the physical properties could be drastically
different and result in phenomena such as superconduction and shape-memory in the case
of niobium-germanium56 and titanium-nickel57 alloys, respectively.

How the atoms

arrange themselves and the individual chemical and physical properties of the pure metals
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that form the alloy are some of the factors that govern the overall physical properties of
the alloy.
Atomic exchange and the interstitial mechanism are two ways for the pure metals
to arrange themselves in an alloy. Atomic exchange is where one constituent metal
essentially switches places with the other constituent of the alloy.58 Alloys formed in this
manner are known as substitution alloys.

Interstitial alloying is common in solid

solutions where atoms of one of the pure metals are a different size than the other. A
difference in size of the two atoms does not allow for one constituent to switch places
with the other. Instead, the smaller atom squeezes into spaces between the larger atoms,
the interstitial space. Defect formation such as porous voids formed from the coalescence
of unoccupied atomic positions and shear planes due to a variety of solid-state phases is
also prevalent in alloy formation.59 Defect formation also determines the overall physical
properties of alloys, and may be favorable or unfavorable.60,61 A variety of parameters
determine the overall composition, phase, and physical properties of the alloy. Some of
the parameters are temperature, concentration of the constituent metals and nonmetals,
annealing temperature, and cooling rate.

Diffusion rates of individual species not only

within itself, but also in the secondary metal play a very important role in terms of alloy
formation depending on the temperature that is used. A schematic diagram of potential
atomic diffusion mechanisms is shown in Figure 1.7.62
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Figure 1.7. Schematic diagram showing a direct exchange (A), ring (B), and vacancy
(C) atomic diffusion mechanism.
It is interesting to think about how these properties might change or be controlled
on the nanoscale. The process of alloying is similar, but it is much more difficult to
control the precision of alloying on the nanoscale. It is like trying to make a custom alloy
atom-by-atom. Characterizing alloy formation on the nanoscale is also very challenging.
Due to the quantum confinement effect, the properties of nano-alloys are typically
significantly different from their bulk counterparts. For instance, one of the seminal
papers for Au-Pd and Ag-Au nanoalloys show the unique electronic and optical
properties achieved by combining these noble metals.63 Fruend and coworkers were able
to show that the nanoalloys not only have a single emission peak, but that they are also
able to tune the wavelength maximum of that peak depending on Au content. Also, in the
case

of

ferromagnetic

FeNi

alloys,

superparamagnetism when in nanoform.

the

magnetic

properties

transition

to

This effect will be discussed later in this

chapter. The main challenge is that on the nanoscale, it is difficult to precisely place one
of the metals on the surface of another. On the macroscale, two molten solutions of metal
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can be mixed together to form an alloy. On the nanoscale, higher temperature doesn’t
necessarily equate to greater ability to form a nano-alloy. Heating a solution of two
different metallic NPs may result in alloying, but controlling alloy composition would be
very difficult. The preferential phase of the metallic components is also important in
nano-alloy formation, especially in the case of core/alloy NPs. When the constituent
metals have different preferential phases, phase segregation can occur, which will be
discussed later in this section. Precise coating of one metal onto another metallic NP
must be obtained to overcome some of the challenges facing core/alloy NP formation.

1.2.2

The Nanoscale Kirkendall Effect
Some mechanisms for atomic diffusion result in the formation of defects in the

solid material. One such mechanism, known as Kirkendall diffusion, results in the
formation of pores, or voids, within the solid material. Solid materials tend to have
vacancies, or missing atoms in the crystalline structure.64 The presence of vacancies
introduces a variety of alternate arrangements available to the atoms in the crystalline
lattice. This results in an increase in configurational entropy, which favors the formation
of vacancies. Vacancies are defects that have an associated defect energy, or enthalpy of
formation, that opposes the enthalpy of formation of the crystalline lattice. Because of
this, a compromise is reached where there is an equilibrium concentration of vacancies.
To put it simply, a perfect crystal is unachievable. The equilibrium concentration of
vacancies is typically around 10-6 at a temperature close to the melting temperature of the
material.
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The presence of vacancies gives insight into how atoms diffuse. An early model,
known as the mechanism of substitutional atomic diffusion, postulated that atoms could
migrate by direct place exchange.62 In other words, one atom switches places with an
adjacent atom. If this were the case, it would result in very large distortions in the crystal
lattice due to the possibility of an atom moving into interstitial positions.

Atomic

diffusion via vacancies is a more plausible mechanism. This type of diffusion applies to
solids as well as immiscible fluids. It assumes that diffusion is via vacancy sites and that
the flow of matter is matched by an equal and opposite flow of vacancy sites. For
example, if we consider diffusion between two different materials, A and B, where the
diffusion rates are different (|JA| > |JB|), the diffusion fluxes are different a net flow of
matter in one direction will occur. Agren et. al. demonstrated this process using inert
markers in monitoring Zn diffusion in α-brass.65

A net flow of matter past the inert

markers, causing the couple to shift with respect to the markers. This is only possible if
the diffusion is by a vacancy mechanism, because if it were a place exchange mechanism
the fluxes of A and B would not be allowed to be different. A net flow of matter results
in equal and opposite net flow of vacancies, which condense (or coalesce) to form
pores/voids. This is known as the Kirkendall Effect or Kirkendall Diffusion, named after
Ernest Kirkendall, who discovered the effect in 1947.66
While the Kirkendall diffusion mechanism was discovered and used to describe
binary alloying on the macroscale, the mechanism has fascinating implications on the
nanoscale. Kirkendall diffusion has been defined as one mechanism for the formation of
hollow NPs, or NPs with voids, during oxidation. NP oxidation will be discussed in
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greater detail later in this chapter, but for now the focus will be on how Kirkendall
diffusion results in the formation of hollow NPs. The interesting discrepancy between
the macro and nanoscale Kirkendall diffusion mechanisms is that on the macroscale the
focus is typically the diffusion of two or more metals with different diffusion rates,
whereas on the nanoscale the focus is typically on monometallic NP systems with
diffusion of metal outward and oxygen inward. This is not always the case, but rarely has
this been used to describe bimetallic NP systems that exhibit voids. While this may be
considered as an oxidation mechanism, it is discussed here due to Kirkendall diffusion
classically being described as an atomic diffusion mechanism. In this case, the diffusion
of metal from the core of the NP outward occurs slower than diffusion of oxygen into the
NP, resulting in vacancy or voids being left behind. The vacancies coalesce to form
continuous voids throughout the NPs. A schematic diagram of the nanoscale Kirkendall
effect is shown in Figure 1.8.
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Figure 1.8. Schematic diagram showing the Kirkendall effect in metallic nanoparticles.
O2 molecules adsorb to the surface of the metallic NP. This adsorption causes oxidation
at the surface of the particle and formation of a thin metal oxide layer (i). A gradient of
cations and anions at the metal-oxide interface forms an electric potential across the
oxide shell, resulting in a flux of cations (JM+) outward and oxygen inward (JO2-). The
greater flux of cations outward than anions inward results in the formation of vacancies
(ii). Once an maximum oxide shell thickness is reached, flux is ceased and vacancies
coalesce to form voids (iii). This process has also been shown to be possible with
chalcogenides other than oxygen.67–69

! 18

Alivisatos and coworkers performed the seminal work for this where they showed
void formation in the oxidation of Co NPs by various chalcogenides.69 The rational for
the experiment was that synthesis of highly monodisperse Co NPs was very achievable
and that confining the diffusion species into a nanocrystals core, the vacancy formation
should rapidly occur due to the high surface-to-volume ratio of the NP. Due to the
absence of defects in the NPs, it was also hypothesized that the vacancy cloud should
coalesce into a single void. Oxidation experiments were performed at 373 - 455 K,
which in comparison to bulk alloying temperatures are relatively low, using O, S, Se
precursors. A variety of core/oxide, core/void/oxide, and completely hollow Cochalcogenide NPs were prepared depending on chalcogenide flow rate, oxidation time,
and oxidation temperature. In most cases, particles became completely hollow within
three hours, indicating complete oxidation of the Co core NPs. This affect has been
utilized to create numerous other monometallic hollow NPs including Fe,70–72 Al,73 Cu,74
Ni,75 Zn,76,77 and Pt6 of various shapes and sizes.
The Kirkendall effect has been shown in few instances in bimetallic NPs. Some
examples are the fabrication of hollow Au-Ni nanoshells78 and Pt-Pd hollow NPs.79
Rarely has the Kirkendall effect been shown in core/alloy systems.

Our group

investigated void coalescence in NPs with stainless steel-like interfaces.35 Fe/FexCr1-x
core/alloy NPs were synthesized by deposition and annealing of Cr at pre-synthesized αFe cores. Upon oxidation of these particles at 100 °C, the core/alloy NPs undergo
Kirkendall diffusion and result in the formation of core/void/alloy oxide NPs. A reaction
scheme for the formation and oxidation of these particles is shown in Figure 1.9.
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Figure 1.9. Synthesis and oxidation of Fe/FexCr1-x core/alloy nanoparticles.35
Interestingly, the extent of NP hollowing can be controlled depending on the thickness of
the Cr shell that was deposited. Deposition of a thin shell, 0.5 – 1.0 nm, resulted in the
complete hollowing of the NP to form FexCr1-xO hollow oxide NP upon oxidation.
Deposition of a medium shell, 1.0 – 2.0 nm, resulted in the formation of core/void/alloy
oxide shell NP upon oxidation. Deposition of a thick shell, greater than 2 nm, resulted in
passivation of oxidation of the NPs, resulting in the formation core/alloy/oxide NPs upon
oxidation. Passivation of oxidation was due to too great of a diffusion distance for the
cations and not enough thermal energy to promote thermionic emission of electrons at
this temperature. Essentially, the extent of hollowing can be controlled based on the
thickness of shell deposition and extent of alloying. Oxidation as a function of shell
thickness is depicted in Figure 1.10.
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Figure 1.10. Formation of hollow oxide, core/void/shell, and core/alloy/oxide as a result
of the oxidation of Fe/FexCr1-x core/alloy NPs with thin, medium, and thick shells,
respectively.
Synthesis of hollow NPs by Kirkendall diffusion has opened the door to a number
of potential applications. Efforts have been made to determine whether the interior of the
hollow NPs is accessible to the environment via grain boundaries. Sun and coworkers
have shown the ability to trap cisplatin in hollow iron oxide nanoparticles for targeted
drug delivery. Hu and coworkers have demonstrated that hollow cobalt oxide NPs have a
high capacity for Li storage, which may result in gains in battery technology.80 Hollow
Pd-Ni81 and Pt-Pd79 NPs offer the potential to act as great catalysts, due to the increase
surface area of hollow NPs. Hollow Fe oxide NPs have shown to have promise in
biomedical applications.82 This is due to the biodegradability of Fe3O4 NPs.83 Numerous
potential applications are available for hollow NPs.
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1.2.3

Phase Segregation in Bimetallic Nanoparticles
Inorganic NPs typically consist of an inorganic core surrounded by organic

ligands. As discussed in the previous sections, introduction of multiple inorganic or
metallic chemical species during NP synthesis may result in the formation of a
chemically disordered alloy, or a core-shell alloy depending synthetic conditions and
crystal phase compatibility.84 In the case of incompatible crystal phases under certain
synthetic conditions, anisotropic phase segregation can occur.85 Incompatibility typically
arises in the form of lattice mismatch due to significantly differing lattice constants.86
Due to lattice mismatch defects such as vacancies and misfit dislocations are typically
formed at the interface between the two metals where one of the metals strains to try to
assimilate the interatomic spacing of the other.

Because of this, depending on the

synthetic conditions, alloying at the interface may occur.87

Phase segregated, or

heterostructured, NP formation can occur through multiple pathways, which are
illustrated in Figure 1.11.
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Figure 1.11. Schematic illustration of the potential mechanisms to form heterostructured
nanoparticles. Selective nucleation and coalescence on a seed nanoparticle (A), Phase
segregation induced by heating (B), Nucleation at several points on seed nanoparticle (C),
and fusion of multiple reactive phases to form two novel biphasic heterostructured
nanoparticles.88
Heterostructure NPs present an exciting opportunity to achieve two or more very
different functionalities on the same particle. For instance, Pt-Fe3O4 heterostructured
NPs have both magnetic and catalytic capability.89 Au-Pt alloy and phase segregated NP
have catalytic and plasmonic functionality.84 Schaak and coworkers developed a totalsynthesis approach to design M-Pt-Fe3O4 (M= Au, Ag, Ni, Pd) heterotrimers, MxS-AuPt-Fe3O4 (M = Pb, Cu) heterotetramers, which exhibit multiple functionalities.90,91
Though phase segregation may be the antagonistic mechanism of alloying, control of
phase segregation results in attractive new morphologies and NP properties.
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1.3

Interfacial Oxidation of Metallic Nanoparticles

1.3.1

Metal Oxide Nanoparticles
Metal oxide NPs have been studied extensively for the many roles they play in

areas of chemistry, physics, and materials science.92–94 For instance, bimetallic ferrite
NPs, such as NiFe2O4, have been researched for their corrosion resistance and their
magnetic properties, and have been used in electromagnetic interference suppression in
electronics.95 Metals have the ability to form a diverse array of oxide compounds that can
adopt numerous structural geometries with electronic properties that exhibit metallic,
semiconductor, or insulator characteristics.96 Due to these properties, metal oxide NPs
have been researched for their technological applications in microelectronic circuits,97
sensors,98,99 fuels cells,100,101 and coatings for passivation of oxidation and corrosion for
stainless steel-like surfaces.102 In fabricating nanoparticulate metal oxides, the goal is to
make materials with distinctive properties with respect to those of bulk or molecular
species.103,104

Bimetallic oxide NP species offer the potential to combine multiple

electronic properties into a dispersion of NPs. Due to their nanometer sized dimensions
and relatively high density of corner or edge lattice sites, oxide NPs can exhibit unique
physical and chemical properties. Like with most materials, particle size affects several
basic properties: lattice symmetry and cell parameters, electronic properties, and surface
free energy and thermodynamic stability.
Bulk metal oxides are typically highly stable systems with well-defined
crystallographic structures. However, increasing surface to volume ratio with decreasing
size results in changes in thermodynamic stability due modifications of unit cell
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parameters and structural transformations.105–107 Low surface free energy is required for
a NP to obtain structural stability. As result of this requirement, phases that usually are
not stable in bulk materials may become very stable in nanostructures. This is especially
beneficial for alloying on the nanoscale as the varying atomic sizes result in strains to the
crystal lattice. The number of surface and interface atoms increases as particle size
decreases which results in intrinsic strain and structural perturbation.108 Aside from this
intrinsic strain, extrinsic strain may be induced by the particular synthetic method or
oxidation of the metallic counterpart.

Annealing or calcination typically relieves

extrinsic strain.109,110
Electronic properties of metal oxides are also affected by scaling down to nanosized dimensions due to the quantum confinement effect in which the materials exhibit
discrete, atom-like electronic states. These discrete, atom-like states for 0D particles can
be considered as arising from superposition of bulk-like vibrational states with a related
increase in oscillator strength.111 Also, electronic effects of quantum confinement have
been experimentally determined to be related to a shift of energy of exciton levels and
optical bandgap in metal oxides.112,113 Theoretical studies have shown a redistribution of
charge when going from bulk structures to small clusters, which must be considered to be
relatively small for ionic solids while significantly large for covalent solids.114–116 The
extent of ionicity or covalency in a metal-oxide bond can strongly depend on size in
systems with a partial ionic or covalent character. An increase in the ionic component to
the metal-oxygen bond is directly proportional to decreasing size.106 In the case of
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bimetallic oxide NPs, mixing of states associated with multiple metal-oxide bonds must
also be considered.
Structural and electronic properties determine the physical and chemical
properties of the material, which are also therefore affected by the average size of the
metal oxides. Many oxides have a wide band gap and a low reactivity in their bulk state.
117

Decreasing the average size of oxide nanoparticles has been shown to change the

magnitude of the bandgap.115,118 Alloying also plays an effective role in engineering the
band gap, which influences the conductivity and reactivity of the solid.119

Surface

chemistry is markedly enhanced for metal oxide NPs due to the increase of surface-tovolume ratio and a reconstruction of bulk geometries and electronic states.120

The

presence of unsaturated atoms at the corners or edges, as well as vacancies in the metal
oxide NP produce specific geometrical arrangements as well as occupied electronic states
energetically above the valence band of the corresponding bulk material. This has been
considered the cause of enhanced chemical activity in metal oxide NP systems.121,122
Outlined here were the affects that size has on the structural, electronic, and
physical and chemical properties on metal oxide NPs. The affect of size on these
properties is similar to those seen in most systems as they approach nanometer size
dimensions. Another aspect that plays a significant role in the properties of metallic
oxide NPs is how they were fabricated, and in the case of bimetallic systems, the identity
and interplay of the metals. For instance, in the case of the colloidal synthesis of
bimetallic oxide NPs, they can be synthesized in oxidative conditions to produce pure
bimetallic oxides, or the bimetallic NP counterpart can be oxidized post-synthetically.
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The later case introduces the unique opportunity to exhibit bimetallic alloy core oxide
shell structural morphology, allowing for both physical properties of the alloy and alloy
oxide on the same particle. The surface chemistry of such particles will be strongly
directed by the oxide shell, as this is the part of the NP that is accessible to outside
reagents.

1.3.2

Cabrera-Mott Theory of Oxide Formation on Metallic Nanoparticles
Unless working with noble metal NP, such as Au, Ag, and Pt, oxidation at the

surface of metallic NPs is imminent. While noble metal NP offer functionalities such as
catalytic and plasmonic activities, they are bereft of certain catalytic ranges and desirable
functionalities such as catalytic activities of Ni,123 Zn,124 Fe,125 Mn,126 or any combination
of these metals as well as magnetic functionality seen in Fe, Ni, and Co and their alloys. 9
Unless kept under inert atmosphere or vacuum at all times, non-noble metallic NPs
develop a thin oxide film on the surface. Scientists such as Wagner,127 Fromhold and
Cook,128 and Mott and Cabrera129 have studied this phenomenon extensively in bulk
metals since the mid 20th century.130,128 The main challenge in understanding oxide
formation on the nanoscale is the lack of diffusion coefficients for metallic species at
nano-interfaces, and how phenomena such as thermionic emission of electrons, electron
tunneling, ion diffusion, and electric potential at the metal-oxide interface play a role
with these high surface-to-volume ratio species.
Wagner and coworkers postulated the oxide growth rate on metal thin films was
determined by the transport of electrons and ions through the oxide film by diffusion. 127
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The condition that needed to be met was charge-neutrality for each volume element of the
film, and net zero charge transport through the film. Mott and coworkers postulated
growth rate for oxide thickness with respect to time was determined by ionic diffusion
through the oxide film, but tunneling of electrons through the film limits the rate for
thicker oxide formation.131 Rapid oxide growth occurred for thin films and slower
growth occurred for thick films. In thicker shells, metal-oxide work function is the
predominant factor for oxide growth. Mott also determined that thermoionic emission of
electrons over the metal-oxide work function barrier is easier than ionic diffusion,
assuming that the temperature is high enough for thermionic emission. In other words,
equilibrium of the electrons between the Fermi level in the metal at one interface and
oxygen anion electrons in adsorbed oxygen at the opposite interface of the oxide can be
established. This results in an electrostatic potential that is impressed across the oxide
film, resulting in large surface charge electric field within the oxide. The electric fields
modify activation barriers for charged particle diffusion over distances as small as one
lattice constant. Formation of the electric field depresses the activation barriers for ionic
motion, or diffusion of metal cations outward, at the metal-oxide interface and within the
oxide to yield large ionic currents even when the temperature is not high enough for
thermal diffusion of ions. This results in rapid initial oxide growth rate, which levels off
at a thickness of 0.5-1.5 nm. The theory was later modified when work done by Cabrera
was combined with previous work by Mott.132 Cabrera-Mott (CM) theory considers the
possibility that both electron tunneling and thermionic emission provide effective
electron transport mechanism for the establishment of an electrostatic potential. The
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limitation of this theory is that it does not consider ionic diffusion parameters of defect
concentration and the diffusion coefficient and electronic parameters for concentration
and mobility. Also, work-function varies significantly from one metal-oxide system to
another. This mechanism is not only limited from one metal-oxide system to another, but
becomes increasingly complex when considering the incorporation of multiple metals as
well as the effect on the nanoscale. In all, the formation of an electrostatic potential is
very much dependent on both temperature and oxide film thickness.
Oxygen

Oxide

Metal

E

Mn+

O2-

Figure 1.12. Schematic diagram illustrating the formation of an electric potential (E) due
to oxygen adsorption at a metallic interface. This adsorption results in the formation of a
thin oxide layer through which E permeates. The electric potential drives the diffusion of
cations and anions into the oxide layer until a certain oxide thickness is obtained. E is
decreased with increasing oxide thickness. At sufficient oxide thickness, E can no longer
drive oxide growth.67
Due to the aforementioned complications, this theory has sparingly been adapted
to the nanoscale. In the few cases it has been used to model interfacial oxidation in
spherical monometallic NP systems. In general, oxygen dissociates and adsorbs onto the
surface of the metal NP, forming a thin oxide layer. Adsorption of oxygen creates
surface states below the Fermi level energy of the metal.67 Electron tunneling into the
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surface states results in the formation of an electric field within the oxide, which lowers
the activation energy for diffusion of metal cations. The electric field is critical for
driving the diffusion of metal cations, which is initially fast due to the fact that the
strength of the electric field is inversely proportional to the thickness of the oxide layer.
As the oxide layer grows thicker, the electric field decreases, lowering the rate of cation
diffusion, which in turn decreases the rate of oxidation. At thicker oxide shells, other
oxidation mechanisms, such as thermionic emission, begin to predominate depending on
whether or not the temperature is high enough. To put it simply, CM theory is only
effective in describing oxide growth at low temperatures in spherical monometallic
particles with growth up to a limiting oxide shell thickness (< 3 nm), because electron
tunneling is most favorable under these conditions. Not all methods that are useful for
investigating thin metal film oxidation are applicable to metal NPs, due to this the
oxidation of metallic NPs is not well studied. However, recent oxidation based studies of
metallic NPs agree that this electrostatic potential mechanism is the primary route for the
formation and passivation of metal oxide layer growth on metallic NPs.133–138

1.3.3

Galvanic Exchange at Metallic Nanoparticle Interfaces
Galvanic exchange reactions are another type of interfacial redox reaction that has

been used to produce nanomaterials with complex morphologies, such as hollow or
heterostructured NPs. Galvanic exchange reactions are driven by the different reduction
potentials of two metals, which combine to give a favorable redox reaction. Atoms that
have a lower reduction potential and are more easily oxidized are typically used in a
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template NP.139 The template NP is oxidized by atoms of the second metal, having a
higher reduction potential, resulting in the sacrifice of the first metal via oxidation and
solvation of template NP atoms. The atoms of the more noble metal are simultaneously
reduced at the surface of the template NP. This results in deposition and alloying of the
more noble metal at the surface of the template NP.67 A schematic diagram of a simple
galvanic exchange reaction is shown in Figure 1.13.
Cu
Wire

Cu2+
2e
Cu

Ag+

Ag

10 min
AgNO3

2( Ag+ + eCu0
Cu0 + 2Ag+

Ag0 )

Cu2+

+

2e-

Cu2+ + 2Ag0

E 0 = 0.80 V
E 0 = -0.34 V
ΔE 0 = 0.46 V

Figure 1.13. Typical bench top galvanic exchange reaction between copper wire and
silver nitrate. Due to a difference in redox potential, two Ag+ ions displace and are
reduced by metallic Cu0 at the wire/solution interface. The reduced silver deposits and
alloys with the Cu, resulting in solvation of the displaced Cu2+ cations.
Defect and pinhole formation can occur at the surface of the NP, depending on the
number of atoms removed from the surface of the template NP. As deposition and
alloying of the more noble metal proceeds, dissolution of the noble metal can result in
pinhole formation. Pinholes are sites where atoms of the template NP are oxidized and
dissolved in solution.140,141 This produces a cavity that extends toward the center of the

! 31

template NP, causing dissolution from the inside out.

This process results in the

formation of hollow NP, unless the galvanic exchange is allowed to go to completion. At
this point, dealloying becomes the predominant process, which is defined by selective
oxidation and dissolution of the template NP. Dealloying may result in fragmentation or
destruction of the new NP shell or frame.

For this reason, NP galvanic exchange

reactions are typically not allowed to go to completion. Interestingly, these affects result
in galvanic exchange driving both alloying and dealloying. Noble metals, such as Au,
Pd, and Pt are typically used in galvanic exchange reactions due to their high reduction
potentials. Cu, Al, Ni, and Co have been demonstrated as effective template NP for
galvanic exchange reactions as well.142–145 A schematic diagram of galvanic exchange
leading to hollow NP formation is shown in Figure 1.14.

xM1 y+ or M 2x+
M 2x+

X
xM1 y+

M1
X
y+

M1
Figure 1.14. Galvanic exchange between a template nanoparticle (M1) and a cation with
a higher reduction potential (M2). Dissolution of M2 results in solvation of M1y+ cations,
deposition of M20 atoms, alloying, and pinhole formation. M2x+|M20, M1y+|M20, and
M1y+|M10 galvanic exchange cannot occur due to lack of significant redox potential.
Dissolution of M2 and solvation of M1 through pinhole result in hollow NP formation.
Morphology of galvanic exchange products depends on the size, shape, and
identity of the template NPs. Changing the reaction conditions can also control the
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morphology.146 These reactions are typically performed in aqueous media and galvanic
exchange reactions in organic solvents is relatively understudied. However, recent studies
involving the formation hollow AuAg alloy NPs have been performed in organic solvents
such as octadecene, oleylamine and toluene.147 The ligands used during synthesis play a
major role in the final galvanic exchange product. Using a reducing agent will keep the
particles in their metallic state, where as oxidative conditions may result in metal oxide
formation depending on the template and noble metal that are used. Varying the reaction
conditions offer the ability to synthesize an array of morphologically complex bimetallic
NPs via galvanic exchange.

1.4

Magnetism in Nanoparticles

1.4.1

Magnetization
Magnetism is a phenomenon that arises from the intrinsic electronic structure of

specific materials. A magnetic field consists of invisible lines of flux that arise from
moving or spinning electrically charged particles. The lines of magnetic flux flow from
one end of the material to the other resulting in magnetic poles. Electric current and
nuclear magnetic moments of atomic nuclei are the sources of magnetism.148 Typically
the electrons in materials are arranged such that their magnetic moments cancel out. This
is mainly due to the Pauli exclusion principle or the combining into filled subshells with
no net orbital motion. Both situations result in an electronic arrangement that cancels the
magnetic moment of each electron. Even when the electron configuration results in
unpaired electrons, various electrons in a bulk material may contribute a magnetic
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moment that cancels out the others, resulting in a nonmagnetic material.

Either

spontaneously, or in response to an applied magnetic field, the electronic magnetic
moments from some materials will line up producing a net magnetic moment. Magnetic
behavior of materials depends on structure, electron configuration, and temperature.149
As the temperature increases, the thermal motion increases making it more difficult for
electrons to align.
Diamagnetic materials are materials with all electrons paired, resulting in the
tendency of that material to be repelled by a magnetic field. Paramagnetic materials
contain unpaired electrons that are free to align its magnetic moment in any direction, but
typically require an applied magnetic field to exhibit electromagnetism. Most d-block
metals can be considered paramagnetic, due to their lowest energetic configuration
having at least one unpaired d-electron. Ferromagnetic materials, such as Fe, Co, Ni, and
their alloys, have multiple unpaired electrons and a narrow density of states near their
Fermi level (EF). This results in a quantum mechanical effect known as an exchange
interaction. This interaction is dictated by the Pauli exclusion principle, in which two
electrons with the same spin cannot occupy the same position. When d-orbitals that
contain unpaired electrons overlap with those of adjacent atoms in these materials, the
distribution of their electric charge is spatially farther apart when the electrons have
parallel spins. This results in the reduction of electrostatic energy of the system, due to
the fact that electrons that repel each other move further apart. The energy required to
align their spins is lower than the energy of magnetic dipole-dipole coupling to pair the
spins. Exchange energy is the term used to define the difference in energy between
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parallel and anti-parallel spin alignment. To clarify, materials with very high exchange
energy, or the exchange interaction is much greater than dipole-dipole interaction, are
typically what we call ferromagnetic materials.

Because of this alignment, a net

magnetic moment is achieved. Therefore, even in the absence of a magnetic field the
magnetic moments spontaneously line up parallel to each other. Ferromagnetic materials
have a temperature above which they lose their ferromagnetic properties (Curie
temperature). Figure 1.15 shows the magnetic domain alignment for ferromagnetic,
diamagnetic and ferrimagnetic materials. These properties hold true for bulk materials,
but it is interesting to consider how they may be affected when the material approaches
dimensions on the nanoscale.

A

B

C

Figure 1.15. Schematic diagram showing the magnetic domain alignment (arrows) for a
ferromagnet (A), antiferromagnet (B), and a ferrimagnet (C). Magnetic domains of a
ferromagnet are aligned with or without the presence of a magnetic field below the Curie
temperature, resulting in a net magnetic moment. Magnetic moments of antiferromagnets
are anti-parallel, resulting in no net magnetic moment, and significant magnetic hardness
in the presence of a magnetic field. Ferrimagnets exhibit magnetic domains of varying
strengths, resulting in slight magnetization below the Curie temperature.
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1.4.2

Finite Size and Surface Effects of Magnetic Nanoparticles
Two phenomena govern the properties of magnetic NPs: finite-size effects and

surface effects. Finite-size effects result from the quantum confinement of the electrons
of the material. Surface effects are related to the change of symmetry of the crystal
structure at the surface of each nanoparticle.150 In total, the competition between these
two phenomena determine the overall magnetic properties, but an understanding of each
individually is required to fully understand the properties of magnetic NPs. The most
studied finite-size effects are the single-domain limit and the superparamagnetic limit.
Large magnetic NPs (~100 nm), similar to bulk materials, typically exhibit
multiple magnetic domains. They consist of regions of uniform magnetization separated
by domain walls. The driving force for the formation of domain walls is the balance
between magnetostatic energy (ΔEMS) and domain wall energy (EDW). ΔEMS is
proportional to the volume of the nanoparticles and EDW is proportional to the interfacial
area between the domains. As the size of the nanoparticles decreases, there is a crucial
volume below which it would cost more energy to form a domain wall than to promote
the external magnetostatic energy of the single-domain state. As the size of the
nanoparticles decreases, the single-domain state becomes more energetically favorable,
resulting in the alignment of the magnetic domains of the nanoparticle below a certain
critical diameter. 151
The critical diameter depends on the material and is influenced by various
anisotropy energy terms. For a spherical particle the critical diameter (DC) is reached
when ΔEMS = EDW. Below DC the particle exists in a single-domain magnetic state.
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When ΔEMS = EDW, DC ≈ 18

A • K Eff

(Equation 2)
µ0 • M 2
A=Exchange Constant, KEff = Anisotropy Constant, µ0= vacuum permeability
M = saturation magnetization
€
€
Estimated critical diameters for spherical
particles of Fe and Ni are DC= 15 nm and
DC=55 nm, respectively. Single-domain NPs have uniform magnetization throughout the
entire particle with all spins aligned in the same direction. For this type of particle,
magnetization can easily be reversed by spin rotation since there are no domain walls to
move. This is why we see high coercivity in particles larger than 100 nm.152 Shape
anisotropy in a system of small nanoparticles is also another source of high coercivity.
As single-domain NPs become less spherical their coercivity is greatly influenced. As
their shape becomes less spherical, the coercivity of the particle is increased.

The

estimation of DC assumes that the particles are spherical and that they do not interact with
each other. Shape anisotropy of the particles results in larger critical diameters. By
considering the behavior of well-isolated single-domain particles, superparamagnetism
can be understood.
Domain Wall

ΔEMS = EDW

Above D C

Below D C

Figure 1.16. As magnetic nanoparticle size decreases, it becomes energetically
unfavorable to produce domain wells. This results in the formation of single-domain
nanoparticles, which typically exhibit superparamagnetism.
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The magnetic anisotropy per particle (E(Θ)) is the energy responsible for holding
the magnetic moments along a certain direction.
energetically equivalent directions of magnetization.

An energy barrier separates two
As the particle size decreases,

thermal energy exceeds this energy barrier and the magnetization can be flipped. In other
words, when the thermal energy is higher than the energy barrier, the system behaves like
a paramagnet due to a large magnetic moment within each particle. This phenomenon is
known as superparamagnetism.153 Superparamagnetism is characterized by the relaxation
time of the magnetic moment of the single-domain particles. The system is said to be in
the superparamagnetic state if the particle magnetic moment reverses at times shorter
than experimental time scales. If it is not in the superparamagnetic state, then it is in the
blocked state.

The blocked state and superparamagnetic state are separated by the

blocking temperature (TB). TB depends on the anisotropy constant (KEff), size of the
particles, the applied magnetic field, and the experimental measuring time.154 Basicly,
superparamagnetism in NPs is characterized by a constant, fast, reversal of the magnetic
moment of the nanoparticles in the system. Surface effects also influence the magnetic
properties of magnetic properties.
The percentage of atoms in nanoparticles that are surface atoms is inversely
proportional to the NP size. Surface and interface effects become more important as the
size of the particle decreases. When considering a magnetic NP with no or magnetically
inert surface coating, surface affects can result in a decrease in magnetization of small
particles.155

This phenomenon has been seen in oxide NP, which results in a

magnetically dead layer on the nanoparticles surface.156 Small metallic nanoparticles
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exhibit the opposite trend. Weak ferromagnetism can occur at low temperatures for
uncoated antiferromagnetic nanoparticles. This is due to the uncompensated surface
spins of the antiferromagnet. In this case, as the particle size decreases, the magnetic
moment increases, due to the increasing surface to volume ratio.

157

It is difficult to make a direct correlation between magnetic properties and surface
coating when coating with magnetically inert substances.158 For instance, coating with
silica gel helps keep nanoparticles separated which helps prevent dipolar coupling of the
particles (which is based on the distance between particles). When coating with precious
metals, however, the magnetic anisotropy may be increased or decreased depending on
which magnetic nanoparticles is being coated.

159

Basicly, the effects of this type of

coating are specific to the materials and whether the metal coating alloys with the
nanoparticles or just covers the surface.
Organic coatings also influence the magnetic properties of magnetic
nanoparticles. Anisotropy and magnetic moment can be modified by ligands binding to
the surface of the nanoparticle. Paulus and coworkers have shown have shown reduction
of magnetic moment and large anisotropy with organic capping ligands.160 The surfacebonding ligands quench the magnetic moment of the surface, resulting in the overall
reduction of magnetization. Alternatively, the organic ligand proved to not alter the
magnetization at all in some magnetic NP systems. Cordente and coworkers showed that
amines did not alter the surface magnetism of Ni NPs.161 Overall, the magnetic response
to an inert coating is system specific. After considering the effects of magnetically inert
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coatings on magnetic particles, it is important to consider the effects of coating with
magnetic materials.
Magnetic coating on magnetic NPs typically has a significant effect on the
magnetic properties.

In systems in which ferromagnetic NPs are coated with an

antiferromagnetic material, an exchange bias is produced.162 An exchange bias is the
shift of the hysteresis loop along the field axis that is caused by a unidirectional exchange
anisotropy created when the system is cooled below a certain temperature, the Néel
temperature, at above which an antiferromagnetic material becomes paramagnetic. The
Néel temperature the ferromagnetic side of the interface maintains magnetization and the
antiferromagnetic portion remains antiferromagnetic, resulting in magnetization
stabilization. This exchange coupling results in a lateral shift in the hysteresis loop.
Another type of coating to consider is a bimagnetic coating, or the coating of a
ferromagnetic material with another strongly magnetic material (Ex: FePt/CoFe2O4).163
Such systems allow for precise tailoring of magnetic properties by tuning the dimensions
and composition of both the core and shell. Doing this selectively controls the anisotropy
and therefore the magnetization. For instance, keeping the core the same and changing
shell thickness would result in the magnetic properties becoming more shell in character.
Mentioned above are just a few aspects that govern magnetic behavior of
magnetic nanoparticles. Intrinsic properties and inter-particle interactions govern the
magnetic behavior of an assembly of nanoparticles. Size distribution, surface defects,
and shapes are just a few parameters that affect the magnetic properties of individual
magnetic nanoparticles.

One of the most challenging aspects of investigating the
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magnetism of small particles is manufacturing an assembly of particles with well-defined
shape, a controlled composition, chemical stability tunable interparticle distances, and
functionalizable surfaces.

Synthesis of such particles would help determine the

distinction between finite-size effects, particle-particle interactions, and surface effects.
Achieving synthesis of magnetic nanoparticles with highly controlled characteristics
would bring us closer to understanding the magnetic behavior of magnetic nanoparticles.

1.5

Hypothesis
This dissertation encompasses work based on the topics previously discussed in

this chapter.

In many cases, oxidation at metallic NP interfaces is an undesirable

phenomenon due to changes in chemical and physical properties, losses of functionality,
and in terms of magnetic NPs significant change magnetocrystalline energy. However,
these unique phenomena have the potential to be used as powerful synthetic tools to
create novel core/alloy NPs by design.

Manipulation of interfacial oxidation (CM

oxidation and galvanic exchange) and atomic diffusion (Kirkendall diffusion) at template
NPs presents the opportunity to create an array of novel core/alloy structures in which
their intrinsic core and alloy properties may be protected by a corrosion resistant oxide
shell. Furthermore, changing the seed or template NP and varying the secondary metal
may result in numerous potential combinations to fabricate nanomaterials with unique
morphologies by manipulating the oxidation and alloying at the template and secondary
metal interface. This presents an opportunity to build a library from potential retroinorganic materials synthesis. For instance, with a specific final NP morphology in mind,
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can we choose the correct template NP, secondary metal, and reaction/oxidative
conditions to achieve the desired final morphology with specific chemical and physical
properties?
In Chapter 2, I discuss the formation of FeNi-M3O4 heterostructured NPs by
galvanic exchange at α-Fe NPs. The results suggest that α-Fe core NPs act as templates
for galvanic exchange due to a significant redox potential between Fe0 and Ni2+ at the
template NP surface. Chapter 3 describes similar to work to Chapter 2 in which α-Fe
NPs are used as templates. In this case, zero valent Ni precursor was used to promote
deposition and alloying of metallic Ni and the α-Fe cores. Interestingly, depending on
shell thickness, the core/alloy NPs formed asymmetric core/alloy/void/oxide hollow NPs,
symmetric core/alloy/void/oxide hollow NPs, and core/alloy/oxide NPs when oxidized.
The improvement of Cr deposition and alloying at α-Fe template NPs is discussed in
Chapter 4. The results show that using a reducing agent during Cr shell deposition
prevents premature oxidation and results in precise shell addition, which also allows for
control over Cr shell thickness and void formation during oxidation. Chapter 5 discusses
my earlier work in the synthesis and characterization of doped and intrinsic
semiconductor nanocrystals. Mn was doped in ZnSe quantum dots by a nucleation
doping mechanism, which was confirmed by the observation of a large stokes shift due to
dopant emission. Also, quantum efficiency was increased with increasing ZnSe shell
thickness.
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Chapter 2
The Transformation of α-Fe Nanoparticles into Multi-Domain
FeNi-M3O4 (M = Fe, Ni) Heterostructures by Galvanic
Exchange
In this chapter I describe a novel method to prepare multi-domain bimetallicmetal oxide heterostructured nanoparticles (NPs). The ability of Ni(acac)2 to undergo
galvanic exchange with pre-synthesized metallic α-Fe NPs was investigated. Findings
indicate that an asymmetric heterostructure emerges from the exchange, which is
followed by rapid oxidation to form a NiFe-M3O4 (M = Fe, Ni) alloy-oxide
microstructure. The findings indicate that at low Ni:Fe ratios, the NP forms multiple
domains of oxides, whereas at higher ratios form regions with novel Ni-NiFe-M3O4
interfaces. These new heterostructures were highly magnetic, and the extent of
magnetization was proportional to composition and morphology, where NPs prepared at
high Ni:Fe feed ratios resulted in decreased saturation magnetization and increased
magnetic hysteresis. The nickel deposition and NP growth mechanism was considered as
a combination of both galvanic exchange and reduction, and the observed rapid oxidation
of the remaining α-Fe core was considered in light of electron density change at the
heterostructures interfaces.
potential to

The content presented in these chapter represents the

design and create novel metal/alloy/oxide nanomaterials by galvanic

exchange. The work presented here was published in the Journal of Materials Chemistry
C, 2015, 3, 6367-6375 and was reproduced by permission of The Royal Society of
Chemistry.
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2.1

Introduction

The study of transition metal bimetallic nanoparticle (NP) synthesis is important
because there are a number of challenges that must be overcome related to phase
segregation, oxidation, and redox reactions that occur between precursors. These
NPs are technologically important as their interfaces and magnetic properties can
lead

to

performance

gains

in

applications

ranging

from

catalysis,1,2

biomedicine,3,4,5 and electronics.6 Recently, nickel (Ni) based NPs have emerged
as an important area of study, and Ni NPs,7–12 as well a number of Ni-alloys have
been prepared recently, like NiP.13–19 Other important bimetallic NPs are FeNi
alloys.20,21 When synthesized in metallic nano-form,1,22–27 these materials have
attractive magnetic properties, like high saturation magnetization, low hysteresis,
and

high

magnetic

permeability,28,29

while

also

exhibiting

anticorrosion

properties.30 Thus, exploration of new ways to control FeNi NP size, composition
and microstructure may allow for increases in performance. The synthesis of FeNi
NPs often involves co-precipitation of iron and nickel precursors in aqueous media
in the presence of a strong reducing agent,

31–36

or in the presence of a catalyst.12

The NPs synthesized via these methods typically produce asymmetric shapes and
compositions that are challenging to control, and whose oxidation states and
structure are not well understood. Moreover, great interest has been placed on the
oxidation of these NPs,37 where iron can segregate into Fe2O3 or Fe3O4 domains,
and nickel can form NiO2 and NiO. Another route is the formation of mixed metal
oxides of M3O4 compositions,38,39 where M can be ratios of nickel and iron. One
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group of such compositions are the nickel ferrites, NiFe2O4,40 and examples of
NiFe2O4 NPs are more limited.41–46,47,48 In many examples, these transformations
are different for individual Fe49–53 or Ni11,54–56 NPs, where oxide formation,5,57,58 or
vacancy coalescence52,58,59 is observed. In addition to the synthesis of alloys and
mixed metal oxides, the preparation of heterostructured multi-component NPs is
also an area of interest for the community, especially when compositions and
microstructures can be separated synthetically.60,61,62–64 One approach to combine
these goals is to use oxidation-reduction reactions at the NP interface. These
reactions, often termed galvanic exchange, involve oxidation of the metallic NP
interface with metal cations of choice, leading to metal plating, which at the
nanoscale, can lead to new compositions, morphologies, and microstructures.65-69
Thus, a reaction between metallic Fe NPs and nickel cation precursors in a nonpolar solvent may be able to occur in an analogous way to the use of Ag and Pd
NPs in aqueous media,65–69 which is an area that is currently underexplored.
In this study, we investigate the ability of metallic α-Fe NPs to act as templates
for mixed metal oxide formation. We probe whether or not galvanic exchange can
occur using Ni(acac)2 precursors to form alloys or mixed metal oxides.

The

novelty of our finding is that instead of forming a Ni-Fe NP, galvanic exchange
produces a novel FeNi-M3O4 (M= Ni, Fe) mixed metal heterostructure, where the
FeNi and M3O4 domains are phase segregated at high Fe:Ni molar feed ratios. The
new NP’s crystal structure, composition, and oxidation states were probed by Xray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), respectively,
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and high resolution transmission electron microscopy (HRTEM) visualized
morphological changes. The ramifications of composition and morphology on
magnetic properties were studied, and a growth mechanism of these new NPs is
proposed.
2.2

Experimental

2.2.1 Materials
Chemicals: Iron (0) pentacarbonyl (Fe(CO)5, 99.5%), nickel (II) acetylacetonate
(Ni(acac)2, 98% anhydrous), oleylamine (OAm, 70%), 1-octadecene (ODE, 90%),
tetrahydrofuran (THF, anhydrous, ≥99.9%), hexadecylamine (HDA, 98%), hydrochloric
acid (HCl, 1.0 M in diethylether), and ethanol (EtOH, 200 proof) were purchased from
Sigma-Aldrich and used as received.
2.2.2 Synthesis
α-Fe Nanoparticle: Crystalline α-Fe nanoparticles were then prepared via the thermal
decomposition of Fe(CO)5 in the presence of OAm, and hexadecylammonium chloride
(HDACl). 33,35 In a typical a-Fe synthesis, 19.0 mL of ODE, 200.0 mg HDACl, and 1.0
mL of OAm was combined and degassed at 125 °C for 0.5h. This mixture was then
heated to 180 °C in a four neck flask under Ar. Then, 0.35 mL of Fe(CO)5 (1.0 M in
THF) was injected via an airtight needle into the solution under Ar. The reaction mixture
was agitated by bubbling Ar through the solution, followed by frequent manual agitation.
After annealing for 30 minutes at 180 °C, half of the reaction volume was removed,
cooled to room temperature, and then precipitated with dry EtOH . The un-cleaned a-Fe
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aliquots were kept in the reaction vessel under Ar gas and used as the core for nickel
deposition, as described next.
Nickel Deposition at α-Fe Cores: Next, a solution of Ni(acac)2 (0.1 M in THF) was
added to a solution of the α-Fe NP cores. Here, a molar feed ratio of Ni:Fe was used,
where Ni is the moles of nickel from Ni(acac)2, and Fe is the moles of α-Fe NPs ([α-Fe]
≈12.5 nM), which is based on the number moles of Fe(CO)5 added, assuming 100%
yield, combined with the knowledge of NP diameter determined by TEM. The total
Ni(acac)2 injection volume was split into ten separate injections, with 15 minute
annealing time between injections. After completing the injections, the reaction was let to
cool to room temperature. The NPs were purified by precipitation in dry EtOH under Ar.
After centrifugation, the product was re-dispersed in dry hexane and stored in Ar. If
direct oxidation of the NPs was conducted, this was performed by opening the un-cleaned
reaction solution to air at 100 °C for 5.0 h, followed by EtOH precipitation. In addition to
Ni:Fe = 5, additional ratios of 1, 2, and 7, were also prepared by adding 0.3 mmol, 0.75
mmol, and 2 mmol of Ni(acac)2 , respectively.
2.2.3 Instrumentation
All optical absorption data was acquired using a Varian Cary Bio100 UV-Visible
spectrophotometer (UV-vis). The transmission electron microscopy (TEM) results were
obtained using a JEOL 2000EX transmission electron microscope operated at 100 kV.
Samples were drop cast onto a carbon coated copper grids. The high-resolution TEM
(HRTEM) images were collected on a JEOL JEM2100F Field emission TEM operated at
200 kV at the Analytical and Diagnostics Laboratory (ADL) at State University of New
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York at Binghamton. The instrument was equipped with a STEM detector and an Energy
dispersive x-ray spectroscopy (EDS) detector. The Fourier Transform Infrared (FTIR)
data was acquired using a Nicolet 6700 FTIR spectrometer equipped with a diamond
smart iTR attenuated internal reflectance accessory, and a liquid N2 cooled MCT-A
detector. Samples were drop cast as neat solutions, or dried powders on the ATR
crystals. The powder X-ray diffraction (XRD) results were collected on a Bruker D8
Advance powder diffractometer using Cu Kα radiation (1.5406 Å). Samples were drop
cast and dried on a zero diffraction SiO2 crystal (MTI Corp.). X-ray photoelectron
spectroscopy (XPS) measurements were performed on Surface Science Instruments (SSI)
model SSX0100 that utilized monochromatic aluminum K-α X-rays (1486.6 eV) at the
Cornell Center for Materials Research (CCMR). The NP powders were dispersed on
freshly cleaved HOPG substrates before analysis. The XPS analysis of peak binding
energy (BE) and deconvolution was performed using CASAXPS software, in which a
Shirley background subtraction was used, as was a 50:50 Guassian:Lorenzian line widths.
All XPS were corrected for charging using the C 1s peak position of 284.8 eV. This
value was further corrected using calibration samples that consisted of gold nanoparticles
deposited on similar HOPG substrates, and corrected to Au 4f of 84.0 eV (data now
shown). The magnetic measurements were also conducted at the CCMR on a Quantum
Design Physical Property Measurement System (PPMS) with a Vibrating Magnetic
Sample (VSM) attachment at an applied magnetic field ranging from -20 kOe to 20 kOe
at 300 K and 10 K. Powder magnetic samples were prepared via ethanol precipitation
and air-drying, followed by mass readings before measurements.
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2.3

Results and Discussion
In this section we first characterize the nanoparticles (NPs) for composition and

crystal structure change after addition of Ni(acac)2 to a solution of α-Fe NP cores, and
then proceed to study the resulting morphology changes. We then characterize the change
in magnetism after nickel addition, and conclude by providing a proposed mechanism for
growth.
After completing the injection of Ni(acac)2 to a 180 °C solution of α-Fe NPs in
excess HDACl under Ar gas (see Methods), we first sampled the reaction mixture and
measured the optical property changes. The UV-vis absorption spectra for samples
sampled at Ni:Fe feeding ratios of 1 (a), 2 (b), 5 (c), and 7 (d) are shown in Figure 2.1.
The α-Fe NP core used in each reaction is also shown for comparison (i), and had the
characteristic brown color typical of Fe NPs. Upon addition of Ni(acac)2 in each sample
(ii), a broad rise in visible absorption was observed, with different ratios having a slightly
different characteristic (b-d). This is especially true for the highest ratio, Ni:Fe = 7 (d),
which showed a broad maxima at ~500-600 nm.

We attribute this to a higher

concentration of nickel in the sample, since nickel is known to have a surface plasmon
resonance (SPR) feature in this region.70,71
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Figure 2.1. UV-vis of the α-Fe cores (i), and the resulting NiFe-M3O4 NPs after addition
of nickel at Ni:Fe ratios of 1 (a), 2 (b), 5 (c), and 7 (d). The solid lines (ii) represent the
NiFe-M3O4 NPs measured directly after synthesis under N2 atmosphere, and the dotted
lines (iii) are measured after opening the reaction vessel to air and heated at 100 °C for
5h. Spectra are normalized at the maximum absorbance wavelength.
The NP products were then collected as purified powders and the crystal structure
was studied via powder X-ray diffraction (XRD). Figure 2.2 shows the resulting XRD
diffractograms for the α-Fe core NP before (a), and after nickel addition at Ni:Fe = 1 (b),
2 (c), 5 (d), and 7 (e). As shown previously,49,50 the α-Fe NP is particularly crystalline,
with prominent body-centered cubic (bcc) <110> and <200> reflections at 44.8 and 65.0
degrees, respectively. We attribute the lack of significant oxidation to the HDACl ligand
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used, which promotes crystal growth and passivates the surface. However, the bulk XRD
measurements cannot rule out sub-nm thin layers of oxide, as has been shown to form in
recent studies using CVD deposited Fe at low oxygen concentrations.57-58 Samples that
contained Ni (b-e) on the other hand, resulted in significant crystal structure change, with
prominent new reflections at 30.4, 35.8, and 43.3 degrees. These patterns index well with
M3O4 oxides (M = Fe, Ni), such as NiFe2O4 (see references in inset). It is interesting to
note that all sample preparation before XRD was done in air free conditions to protect the
NPs from oxidation, but despite this, the samples containing nickel oxidizes readily, and
before XRD runs commence (see below). This is in contrast to the α-Fe core (a) which
oxidizes slowly and little oxide growth can be observe after 12-24h.53 For instance, at
Ni:Fe = 1(b) and 2(c), had near complete oxidation, as evidenced by only a small
reflection attributed to the <110> peak of the α-Fe remaining. At Fe:Ni = 5 (d), we
observed a more prominent increase in 2θ shift from 44.5° to 44.0° , and α-Fe reflections
are more prominent, suggesting some metallic FeNi alloying may be occurring, and M3O4
domains may coexist with these phases in the heterostructure. At Fe:Ni = 7, a more
pronounced metallic NiFe peak is observed, as are diffractions characteristic of metallic
nickel. Sun and coworkers have showed similar morphological evolution in an FeCoFe3O4 system.72 Of interest is the comparison of these XRD to samples that purposely
underwent oxidation steps by opening the reaction solution to air, and heating to 100 °C
for 5 h. As shown in Figure 2.3, these oxidized controls show very similar diffraction
patterns and characteristics, suggesting that all oxidation occurs during the synthesis and
processing of the NPs.
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Figure 2.2. Powder XRD results for the α-Fe core NPs before (a) and after Ni(acac)2
addition at Ni:Fe ratios of 1 (b), 2 (c), 5 (d), and 7 (e). Inset: Overlay of a and e showing
shift in α-Fe <110> position due to FeNi alloying. Bottom and top panels show reference
diffraction for α-Fe, Fe3O4, and Ni, Fe50Ni50 (FCC), respectively.
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Figure 2.3. XRD results for NPs after oxidation by opening reaction vessel to air at 100
o
C for 5h, the α-Fe core NPs before (a) and after Ni addition at Ni:Fe ratios of 1 (b), 2 (c),
5 (d), and 7 (e). Inset: Overlay of a and e showing shift in a-Fe <110> position due to
FeNi alloying. Reference diffraction are shown for Ni (FCC), Fe50Ni50 (FCC), α-Fe
(BCC), and Fe3O4. !
The change in composition of the NPs after nickel addition was studied via X-ray
photoelectron spectroscopy (XPS). The XPS confirmed the presence of nickel in all
samples, with Ni to Fe composition ratios increasing from Ni:Fe = 1-5, followed by a
slight decrease at Ni:Fe = 7 (Table 2.1). For example, at Ni:Fe = 1, the Ni and Fe
composition was determined to be 48.1 and 51.9% respectively. However, at Ni:Fe = 7,
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where a significant increase in nickel was expected, the final sample had 59.3 and 40.6%
respectively. In addition to composition, the XPS results were used to gain insights into
the oxidation states of the components. Figure 2.4 shows a representative XPS spectra
for analysis of Ni 2p (a), Fe 2p (b), O 1s (c), and C 1s (d) collected from sample prepared
at Ni:Fe = 1 (i), 2 (ii), 5 (iii), and 7 (iv), and Table 2.1 shows the corresponding binding
energies (BE) determined after corrections for sample charging and background (see
Methods). The oxidation state of nickel in nano form has been studied in a number of
cases.73–77 In our system, at Ni:Fe = 1 (i), the BE values for Ni 2p1/2 and 2p3/2 were 872.9
and 855.1 eV, respectively (Fig. 2.4 a). The characteristic satellite bands of Ni 2p are also
observed. Interestingly, these values correspond with Ni in a 2+ oxidation state, as
metallic Ni0 has a 2p1/2 and 2p3/2 have lower BE values of ≈871 and ≈852 eV,
respectively. The analysis of the Fe 2p1/2 and 2p3/2 showed BE of 722.5 and 709.5 eV,
which agrees with an oxidized iron model.
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Figure 2.4: Representative XPS spectra of NiFe-M3O4 NPs analyzing Ni 2p (a), and Fe
2p (b), regions prepared at Ni:Fe = 1 (i), 2 (ii), 5 (iii), 7 (iv). The O 1s (c), and C 1s (d)
regions were characteristic of the HOPG substrates used, and were similar for i-iv. See
Table 1 for binding energy values.
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Table 2.1: XPS determined composition ratios and binding energy (BE) values.
Feed
Ratio

1

Composition
(%)

Ni (2p)
(eV)

Ni:Fe

Ni

Fe

1/2

1
2
5

48.1
57.2
65.1

51.9
42.8
34.9

872.9
872.5

1/2,s
a
879.0
878.2

7

59.3

40.6

-

-

3/2
855.1
855.0
855.7,
853.4
854.1,
851.6

Fe (2p)
(eV)

O
(eV)

C
(eV)1

N
(eV)

3/2,s
a
861.2
861.4
860.9

1/2

3/2

1s

1s

1s

723.4
723.5
723.8

709.9
709.4
710.4

530.6
530.6
531.4

284.8
284.8
284.8

399.8
400.1
400.8

861.0

723.3

709.3

530.7

284.8

399.7

XPS spectra corrected to C1s at 284.8 eV. sa = satellite peak.

Interestingly, no signal associated with α-Fe (i.e. Fe0) was observed at a BE of
≈706-707 eV, suggesting the entire core was oxidized during the nickel addition. The BE
values are similar for Ni:Fe = 2, however a metallic Ni0 characteristic emerges in the Ni
2p3/2 signal at Ni:Fe = 5 (iii), and is more prominent at Ni:Fe = 7 (iv), where a
deconvolution shows clear contributions at 851.6 and 854.1, indicating a mixture of
oxidized and metallic nickel in those products. These BE values are consistent with the
XRD results described above, and suggest that in total, the NPs likely are entirely
oxidized at low feed ratios, but retain some metallic nickel, as well as metallic iron at
high ratios. However one must always consider that XPS is a surface sensitive technique,
and under our experimental conditions and X-ray energy the penetration depth is ~5 nm,
and thus these findings are highly surface specific.
With this crystal structure and compositional evidence in hand, we next studied
the change in morphology induced by the addition of Ni(acac)2 to α-Fe NP cores. Before
addition, the α-Fe cores were monodisperse with an average diameter of 18.2 ± 2.3 nm
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(Figure 2.5). It is important to note, that each nickel addition was performed at freshly
synthesized α-Fe cores, and thus the diameters are slightly different batch to batch. Figure
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Figure 2.5. A representative TEM of the α-Fe core NP (d = 18.2 ± 2.3 nm) used in the
synthesis of Ni:Fe = 7 samples.
25
20
15
10
5

(b)

25

Distribution (%)

= 12 +/- 1.2 nm

Distribution (%)

(a)

= 17 +/- 1.4 nm

20

15

10

5

0

0
10

12

14

16

Diameter (nm)

14

16

18

20

Diameter (nm)

Figure 2.6. Representative TEM of additional α-Fe core NPs d = 12.3 ± 2.3 nm (a) and d
= 17.8 ± 2.3 nm (b) used in the synthesis of Ni:Fe = 5, and 1 and 2 respectively.
Figure 2.7 shows the NP products after nickel addition at Ni:Fe = 1 (a), 2 (b), 5
(c), and 7 (d). In contrast to the cores, these NPs exhibited asymmetric morphology of
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dumbbell-like or butterfly-like shapes, which deviated from the symmetric nature of the
core. Interestingly, regions consistent with the α-Fe cores (i.e. sizes, shapes) remain a
similar size, whereas the new lobes formed on 1-2 interfaces. The morphologies across
the Ni:Fe range seem to be similar despite the increase in molar feed ratios of Ni, where
the heterostructures have two or three new domains, with areas of higher contrast.
Considering that the XRD results in Fig. 2.2 and XPS in Fig. 2.4 showed a highly
oxidized NP at low feed ratios, and co-existence of both metallic Ni (FCC), and M3O4
domains, the TEM suggests that these domains may be separated in an asymmetric
heterostructure, instead of a core-shell morphology,53 for instance. For simplicity, we
denote these NPs as FeNi-M3O4 for the rest of this report. We note that asymmetric
shapes of FeNi NP systems and oxides thereof have been shown previously, despite
varied synthetic approaches.31,78 No significant morphological changes were exhibited
for the purposely-oxidized samples, as shown by TEM in Figure 2.8, which agrees with
the XRD results shown in Figure 2.3. We note that the hexadecylammonium chloride
(HDACl) capping ligands used throughout syntheses were found to cap the final product,
as shown via FTIR (Figure 2.9) and N 1s XPS analysis (Table 2.1).
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(a)

(b)
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Figure 2.7. Representative TEM for the NiFe-M3O4 (M = Fe, Ni) heterostructures
formed at Ni:Fe ratios of 1 (a), 2 (b), 5 (c), and 7 (d), collected immediately after
purification and before extensive oxidation steps.
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Figure 2.8. Representative TEMs for the NiFe-M3O4 (M = Fe, Ni) heterostructures
formed at Ni:Fe ratios of 1 (a), 2 (b), 5 (c), and 7 (d), collected after opening the reaction
vessel to air and heating at 100 oC for 5h.
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Figure 2.9. FTIR of the α-Fe core NP (a) and for NiFe-M3O4 NPs prepared at Fe:Ni of 1
(a), 2 (b), 5 (c), and 7 (d) before (i) and after (ii) oxidation.
To better understand this morphological change in more detail, we used HRTEM
in combination with scanning TEM (STEM), and energy dispersive X-ray spectroscopy
(EDS). Figure 2.10 shows a set of HRTEM micrographs at Ni:Fe = 2 (a-b), and = 7 (c).
As shown in the figure insets, the NPs have at least two domains, one with a lattice
spacing that corresponds to either the <311> or the <220> plane of M3O4, and the other to
the <111> plane of metallic Ni or NiFe alloy. Figure 6c shows an example of a NP that
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has three domains, where the top two have lattice spacing of the <111> plane of Ni or
FCC FeNi alloys. It is difficult to determine the extent of alloying and location of alloy
regions due to the similarity of lattice spacing between FCC Ni and FCC FeNi, however
this information can be inferred by use of a STEM-EDS line scan investigation. Figure
2.10 d shows an EDS line scan spectra of a two-component heterostructure (see inset)
prepared at Fe:Ni = 7. The analysis shows that the lobe of lower contrast consists
primarily of both iron and oxygen, whereas the opposite lobe is high in nickel, but not
oxygen or iron, thus providing evidence for the as described FeNi-M3O4 heterostructure,
and suggesting that M is primarily iron for this particular NP. An important piece of
information from this line scan can be found by looking at the region of the interface
between the two lobes. In that region, a mixture of both Fe and Ni is shown, but not a
significant amount of oxygen, which suggests that the interface may indeed be a metallic
FeNi alloy. Additional HRTEM and EDS results further reinforced these observations
(Fig. 2.11).
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Figure 2.10. HRTEM of FeNi-M3O4 (M = Fe, Ni) NPs prepared at Ni:Fe ratio of 2 (a,b)
and 7 (c). An STEM-EDS (d) line scan for a two domain heterostructure from c showing
distribution of oxygen, iron, and nickel. Inset shows the NP of interest.
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Figure 2.11. Additional HRTEM of FeNi-M3O4 heterostructures formed at Ni:Fe
reaction ratio of 1 (a) 2 (b) and 7 (c), along with a STEM-EDS line scan for a two domain
heterostructure from Ni:Fe of 7 (d). The inset shows the particular NP studied.
Bulk nickel ferrites have long been studied for their magnetic properties, and are
known to be used in electromagnetic interference suppression in electronics.79 With this
in mind, we next studied the magnetic properties of the NiFe-M3O4 NPs by VSM. As
shown in Figure 7, at 300 K (a) the NPs exhibit a weak ferromagnetic behaviour, as
apposed to superparamagnetic one, as indicated by the non-zero coercivity (Hc) (see
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inset). The NPs also have a relatively large saturation magnetization (Ms) considering the
NP size (Table 2). At 10k (b) this behaviour is more pronounced and clear magnetic
hysteresis can be observed.80 We attribute this ferromagnetism to a combination of the
added Ni, some remaining α-Fe core, as well as the multi-domain NiFe-M3O4 structure.
These Hc values are comparable with other reports using a-Fe of similar sizes.49-51 As
shown in Table 2, the MS values range from 79.5 to 121.5 Oe and 83.5 to 133.0 Oe at 300
K and 10 K, respectively, depending on the Fe:Ni feed ratio. A close inspection of these
values also indicates that the Ms trend is non-linear with feed ratio, which is due to the
NPs having similar overall compositions (see XPS results) as well as different
morphologies. The Ms can also be influenced by preparation and potential NP
aggregation/sintering in the dried powder form. Interestingly, the Ms are higher than
those seen in other FeNi nanoparticles and structures,81,82 suggesting that the unique
morphology and composition gradient of the NPs is contributing towards the magnetic
properties.

!

74

200

(a)

M (emu/g)

100

α-Fe NP
1 : 1 Ni:Fe
2 : 1 Ni:Fe
7 : 1 Ni:Fe

0

10
0

−100

−10
−0.5

−200
200−10

−5

(b)

M (emu/g)

100

0

0

0.5

5

10

H (KOe)
α-Fe
1 : 1 Ni:Fe
2 : 1 Ni:Fe
7 : 1 Ni:Fe

0

20
0

−100
−20
−0.5

−200
−10

−5

0

0

0.5

5

10

H (KOe)
Figure 2.12. Magnetic hysteresis results at 300 K (a) and 10 K (b) for the α-Fe core NPs
(black) and for FeNi-M3O4 NPs at Ni:Fe = 1 (red), 2 (blue), and 7 (orange).
Table 2.2 Magnetic results from analysis of Figure 2.12.
300 K
10 K
Ni:Fe
Ms
HC
Ms
HC (Oe)
(emu/g)
(Oe)
(emu/g)
0
147.8
158
153.5
370
1
121.5
127
133.0
472
2
79.5
112
86.5
538
7
95.7
145
103.5
495
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Taken together, the results indicate this approach may be a useful new strategy to
form a heterostructured NP that consists of a rich oxide composition. We now briefly
consider the growth mechanism (Figure 2.13). One clear consideration is the nature and
reactivity of the Ni(acac)2 precursor, which has nickel in its 2+ oxidation state. When
added to the hot solution of ODE (solvent), excess HDACl, and α-Fe, the Ni(acac)2 can
be reduced in two ways. First, is the likelihood of Ni(acac)2 undergoing galvanic
exchange with the α-Fe interface (i.e., Fe0). Under ideal conditions, the difference in
standard reduction potential (E0) between the two redox couples (Ni|Ni2+, Fe|Fe2+) is ΔE0
= +0.18 V, indicating that Ni2+ and Fe0 will undergo weak galvanic exchange (Fig. 2.13
b). Second, is the possibility of Ni reduction by HDACl or OAm ligands, which have
been shown to be a mild reducing agents.50,51,54 This reduction can then lead to either
deposition onto the Fe, or the growth of Ni NPs which are ripened onto the Fe (Fig. 2.13
b). We speculate it is the galvanic exchange, and not the reduction of Ni(acac)2 by
HDACl, that is the starting point for nickel deposition and growth. Considering that we
next added Ni(acac)2 in a series of small aliquots, this exchange likely produce small Ni0
islands at the α-Fe interfaces, which can then partially alloy at the Fe0|Ni0 interface (Fig.
2.13 c).83 We can also consider that XPS showed a significant amount of Ni(acac)2
remains unreacted in solution (inferred from the low %-compositions compared to feed
ratios, Table 2.1), which suggests that galvanic exchange is the preferred route, since
additional Ni(acac)2 cannot exchange with the oxidized Fe3O4 surface. To further test
this, a control reaction was run that utilized the thermal decomposition of the zero-valent
Ni(CO)2(PPh3)2 onto a-Fe. As shown by XRD and XPS in Figure 2.14, this nickel source
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led to improved oxidation resistance, and higher percent compositions of Ni, due to the
lack of galvanic exchange effects. After this initial exchange, two processes are initiated.
First, the metallic Ni can act as a catalyst for further Ni reduction and growth (Fig. 8d),
which is aided by the HDACl in solution,49 leading to the Ni-rich domain of the
heterostructure. After initial nickel deposition, and during subsequent growth, electron
density is shifted towards the Ni-rich interface (Fig. 8c), leading to rapid oxidation of the
α-Fe on the opposing side of the NP. The fact that the NP grew to new sizes and shapes
suggests that the exchanged Fe2+/3+ cations likely redeposit on the Fe3O4 domain (Fig.
8d), since little iron signature was observed at the nickel rich domains in the EDS scans.
This oxidation continues until all of the α-Fe has been converted to M3O4 at low Ni ratios,
but some a-Fe remains at high ratios (Fig. 8d), as inferred by the XRD. At higher Ni:Fe
feed ratios, the final heterostructure contains a considerable amount of metallic nickel,
whereas at low ratios, the NP is almost entirely converted to a M3O4 heterostructure,
where M is richer in Fe compared to Ni.
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Figure 2.13. An idealized illustration of the proposed deposition and growth mechanism.
Nickel deposition can occur by (b) galvanic exchange between Fe0 and Ni2+ at the α-Fe
NP interface (i), or nickel reduction and deposition (ii), resulting in FeNi alloying at the
new interface (c), and electron density shift towards the nickel domain (c). Subsequent
Ni(acac)2 (denoted as Ni2+) addition results in further Ni growth and coalescence, likely
the result of reduction by HDACl or catalyzed by the Ni interface (d). The deposition of
the nickel domain, followed by electron density shift results in rapid oxidation of the α-Fe
NP, generating the final heterostructure shown. At high Ni:Fe, this results in a clearly
defined NiFe-M3O4 heterostructure, whereas at low Ni:Fe, results in a predominantly
M3O4 heterostructure.
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Figure 2.14. XRD of NP products produced during a control synthesis using thermal
decomposition of Ni(CO)2(PPh3)2 at α-Fe cores at [Ni]:[Fe] = 3. The α-Fe NPs (a) are
crystalline as in Figure 2, and after deposition of Ni via Ni(CO)2(PPh3)2 show improved
resistance to oxidation, as indicated by the lower intensity of M3O4 diffraction planes (b).
XPS analysis revealed Ni:Fe of 73.3% nickel and 26.7% iron in final NP, further
confirming improved nickel deposition as a result of the system not relying on galvanic
exchange for nickel deposition, unlike when Ni(acac)2 is added.

The evidence for this final composition and microstructure is supported by the XRD (Fig.
2.2), XPS (Fig. 2.4) and EDS line scan results (Fig. 2.10). This route may open up new
pathways towards making new Fe-based nanostructures using galvanic exchange in ways
similar to aqueous systems of silver nanoparticles and cubes.65 Furthermore,
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nanomaterials like these may find use in magnetic storage devices, biomedicine,
spintronic devices, corrosion resistant coatings, and even 3D printing inks.

2.4

Conclusions

In conclusion, novel FeNi-M3O4 (M = Fe, Ni) heterostructured nanoparticles
have been prepared by the addition of Ni(acac)2 to a solution of crystalline α-Fe
NPs. TEM and HRTEM investigation of morphology and microstructure change
revealed that composition is highly segregated, with a high population of the NPs
showing at lease two distinguishable domains. Further STEM-EDS analysis
revealed that each of these NPs has three composition regions, namely a M3O4
region connected to a metallic Ni domain, which is interfaced by a thin layer of
NiFe alloy. The size of the domains, and extent of metallic Ni deposited was
tailored by increasing the Ni:Fe molar ratios. The NPs were highly susceptible to a
magnetic field, and revealed weak ferromagnetic hysteresis. This study reveals
that a number of new heterostructured nanoparticles with rich phase behaviour
may be prepared in the future by using metallic α-Fe NPs as seeds for both
galvanic exchange in non-polar media as well a host for novel alloying based
transformations.

!

80

2.5

References

(1) G. Chieffi, C. Giordano, M. Antonietti, D. Esposito, J. Mater. Chem. A, 2014, 2,
11591.
(2) M. B. Gawande, H. Guo, A. K. Rathi, P. S. Branco, Y. Chen, R. S. Varma, D. L.
Peng, RSC Adv., 2012, 3, 1050.
(3) A. Hütten, D. Sudfeld, I. Ennen, G. Reiss, W. Hachmann, U. Heinzmann, K.
Wojczykowski, P. Jutzi, W. Saikaly, G. Thomas, J. Biotechnol, 2004, 112, 47.
(4) P. Tartaj, M. del P. Morales, S. Veintemillas-Verdaguer, T. González-Carreño, C. J.
Serna, J. Phys. Appl. Phys, 2003, 36, R182.
(5) D. Ho, X. Sun, S. Sun, Acc. Chem. Res., 2011, 44, 875.
(6) C. J. Serpell, J. Cookson, D. Ozkaya, P. D. Beer, Nat. Chem., 2011, 3, 478.
(7) A. P. LaGrow, B. Ingham, S. Cheong, G. V. M. Williams, C. Dotzler, M. F. Toney,
D. A. Jefferson, E. C. Corbos, P. T. Bishop, J. Cookson, R. D. Tilley, J. Am. Chem.
Soc., 2012, 134, 855.
(8) A. P. LaGrow, B. Ingham, M. F. Toney, R. D. Tilley, J. Phys. Chem. C., 2013, 117,
16709.
(9) W. R. Siah, A. P. LaGrow, M. J. Banholzer, R. D. Tilley, Cryst. Growth Des., 2013,
13, 2486.
(10) S. Carnco, C. Boissière, L. Nicole, C. Sanchez, P. Le Floch, N. Mézailles, Chem.
Mater., 2010, 22, 1340.
(11) H. Winnischofer, R. C. R. Rocha, W. C. Nunes, L. M. Socolovsky, M. Knobel, D.
Zanchet, ACS Nano, 2008, 2, 1313.
(12) M. Grzelczak, J. Perez-Juste, B. Rodriguez-Gonzalez, M. Spasova, I. Barsukov, M.
Farle, L. M. Liz-Marzan, Chem. Mater., 2008, 20, 5399.
(13) E. J. Popczun, J. R. McKone, C. G. Read, A. J. Biacchi, A. M. Wiltrout, N. S.
Lewis, R. E. Schaak, J. Am. Chem. Soc., 2013, 135, 9267.
(14) Z. L. Schaefer, K. M. Weeber, R. Misra, P. Schiffer, R. E. Schaak, Chem. Mater.,
2011, 23, 2475.
(15) M. F. Sarac, W.-C. Wu, J. B, Tracy, Chem. Mater., 2014, 26, 3057.

!

81

(16) S. Jana, J. W. Chang, R. M. Riox, Nano Lett., 2013, 13, 3618.
(17) 17
L. M. Moreau, D.-H. Ha, H. Zhang, R. Hovden, D. A. Muller, R. D.
Robinson, Chem. Mater., 2013, 25, 2394.
(18) E. Muthuswamy, G. H. L. Savithra, S. L. Brock, ACS Nano, 2011, 5, 2402.
(19) N. J. S. Costa, M. Guerrero, V. Collière, É. Teixeira-Neto, R. Landers, K. Philippot,
L. M. Rossi, ACS Catal., 2014, 16, 1735.
(20) I. Abrikosov, A. Kissavos, F. Liot, B. Alling, S. Simak, O. Peil, A. Ruban, Phys.
Rev. B., 2007, 76.
(21) M. Y. Lavrentiev, J. S. Wróbel, D. Nguyen-Manh, S. L. Dudarev, Phys. Chem.
Chem. Phys., 2014, 16, 16049.
(22) R. Dehghan, S. A. Seyyed Ebrahimi, A. J. Badiei, J. Non-Cryst. Solids, 2008, 354,
5186.
(23) E. M. M. Ibrahim, S. Hampel, A. U. B. Wolter, M. Kath, A. A. El-Gendy, R.
Klingeler, C. Täschner, V. O. Khavrus, T. Gemming, A. Leonhardt, B. Büchner, J.
Phys. Chem. C, 2012, 116, 22509.
(24) M. N. Islam, M. Abbas, C. Kim, Curr. Appl. Phys., 2013, 13, 2010.
(25) K. L. McNerney, Y. KimD. E. Laughlin, M. E. McHenry, J. Appl. Phys., 2010, 107,
09A312.
(26) N. Moghimi, S. Bazargan, D. Pradhan, K. T. Leung, J. Phys. Chem. C, 2013, 117,
4852.
(27) N. Mghimi, M. Abdellah, J. P. Thomas, M. Mohapatra, K. T. Leung, J. Am. Chem.
Soc., 2013, 135, 10958.
(28) E. Lima Jr., V. Drago, R. Bolsoni, P. F. P. Fichtner, Solid State Commun, 2003, 125,
265.
(29) E. Lima Jr., V. Drago, P. F. P. Fichtner, P. H. P. Domingues, Solid State Commun.,
2003, 128, 345.
(30) R. Abdel-Karim, Y. Reda, M. Muhammed, S. El-Raghy, M. Shoeib, H. Ahmed, J.
Nanomater., 2011, 2011, e519274.

!

82

(31) M. Castrillón, A. Mayoral, C. Magén, J. G. Meier, C. Marquina, S. Irusta, J.
Santamaría, Nanotechnology, 2012, 23, 085601.
(32) G. Hongxia, C. Hua, L. Fan, Q. Zhenping, C. Suping, N. Zuoren, J. Mater. Res.,
2012, 27, 1522.
(33) M. Am Mohamed, A. H. El-Maghraby, M. M. A. El-Latif, H. A. Farag, Bull. Mater.
Sci., 2013, 36, 845.
(34) S. K. Karna, S. R. Mishra, E. Gunapala, I. Dubenko, V, Malagareddy, G. K.
Marasinghe, N. Ali, J. Nanosci. Nanotechnol., 2010, 10, 5879.
(35) G. Li, Y. Guo, X. Sun, T. Wang, J. Zhou, J. He, J. Phys. Chem. Solids, 2012, 73,
1268.
(36) H. Wu, C. Qian, Y. Cao, P. Cao, W. Li, X. Zhang, X. Wei, J. Phys. Chem. Solids,
2010, 71, 290.
(37) G. R. Patzke, Y. Zhou, R. Kontic, F. Conrad, Angew. Chem. Int. Ed., 2011, 50, 826.
(38) S. Sun, H. Zeng, D. B. Robinson, S. Raoux, P. M. Rice, S. X. Wang, G. Li, J. Am.
Chem. Soc., 2004, 126, 273.
(39) H. Kim, D.-H. Seo, H. Kim, I. Park, J. Hong, K.-Y. Park, K. Kang, Chem. Mater.,
2012, 24, 720.
(40) J. A. Bau, P. Li, A. J. Marenco, S. Trudel, B. C. Olsen, E. J. Luber, J. M. Buriak,
Chem. Mater., 2014, 26, 4796.
(41) M. A. Gabal, Y. M. Al Angari, H. M. Zaki, J. Magn. Magn. Mater., 2014, 363, 6.
(42) D. Ortega, M. V. Kuznetsov, Y. G. Morozov, O. V. Belousova, I. P. Parkin, Phys.
Chem. Chem. Phys., 2013, 15, 20830.
(43) J. Panda, S. N. Saha, T. K. Nath, Phys. B Condens. Matter, 2014, 448, 184.
(44) P. Sivakumar, R. Ramesh, A. Ramanand, S. Ponnusamy, C. Muthamizhchelvan, J.
Alloys Compd., 2013, 563, 6.
(45) M. Srivastava, S. Chaubey, A. K. Ojha, Mater. Chem. Phys., 2009, 118, 174.
(46) M. Yehia, S. Labib, S. M. Ismail, Phys. B Condens. Matter, 2014, 446, 49.

!

83

(47) D. Carta, M. F. Casula, A. Falqui, D. Loche, G. Mountjoy, C. Sangregorio, A.
Corrias, J. Phys. Chem. C, 2009, 113, 8606.
(48) D. Carta, D. Loche, G. Mountjoy, G. Navarra, A. Corrias, J. Phys. Chem. C, 2008,
112, 15623.
(49) L.-M. Lacroix, N. Frey Huls, D. Ho, X. Sun, K. Cheng, S. Sun, Nano Lett., 2011,
11, 1641.
(50) S. Zhang, G. Jiang, G. T. Filsinger, L. Wu, H. Zhu, J. Lee, Z. Wu, S. Sun,
Nanoscale, 2014, 6, 4852.
(51) S. Peng, C. Wang, J. Xie, S. Sun, J. Am. Chem. Soc., 2006, 128, 10676.
(52) A. Cabot, V. F. Puntes, E. Shevchenko, Y. Yin, L. Balcells, M. A. Marcus, S. M.
Hughes, A. P. Alivisatos, J. Am. Chem. Soc., 2007. 129, 10358.
(53) W. Wu, M. M. Maye, Small, 10, 271.
(54) S. Mourdikoudis, L. M. Liz-Marzán, Chem. Mater., 2013, 25, 1465.
(55) J. G. Railsback, A. C. Johnston-Peck, J. Wang, J. B. Tracy, ACS Nano, 2010, 4,
1913.
(56) D.-H. Chen, S.-H. Wu, Chem. Mater., 2000, 12, 1354.
(57) A. Pratt, L. Lari, O. Hovorka, A. Shah, C. Woffinden, S.P. Tear, C. Binns, R.
Kroger, Nature Mater., 2014, 13, 26-30.
(58) C. A. F. Vaz, A. Balan, F. Nolting, A. Kleibert Phys. Chem. Chem. Phys., 2014, 16,
26624-26630..
(59) S. Peng, S. Sun, Angew. Chem. Int. Ed., 2007, 46, 4155.
(60) H. Yu, M. Chen, P. M. Rice, S. X. Wang, R. L. White, S. Sun, Nano Lett., 2005, 5,
379.
(61) G. Kyrlova, L. J. Giovanetti, F. G. Requejo, N. M. Dimitrijevic, A. Prakapenka, E.
V. Shevchenko, J. Am. Chem. Soc., 2012, 134, 4384.
(62) P. N. Njok, P. Lutz, W. Wu, L. Solomon, M. M. Maye, Chem. Commun., 2012, 48,
10449.
(63) M. Buck, J. F. Bondi, R. Schaak, Nat. Chem., 2012, 4, 37.

!

84

(64) M. R. Buck, R. E. Schaak, Angew. Chem. Int. Ed., 2013, 52, 6154.
(65) S. E. Skrabalak, L. Au, X. Li, Y. Xia, Nat. Protoc., 2007, 2, 2182.
(66) J. Chen, F. Saeki, B. J. Wiley, H. Cang, M. J. Cobb, Z.-Y. Li, L. Au, H. Zhang, M.
B. Kimmey, Li, Y. Xia, Nano Lett., 2005, 5, 473.
(67) H. Jing, H. Wang, Chem. Mater., 2015, 150310135902006.
(68) Y. Yu, Q. Zhang, Q. Yao, J. Xie, J. Y. Lee, Chem. Mater., 2013, 25, 4746.
(69) K. D. Gilroy, P. Farzinpour, A. Sundar, R. A. Hughes, S. Neretina, Chem. Mater.,
2014, 26, 3340.
(70) S. M. Williams, A. D. Stafford, K. R. Rodriguez, T. M. Rogers, J. V. Coe, J. Phys.
Chem. B, 2003, 107, 11871.
(71) H. She, Y. Chen, X. Chen, K. Zhang, Z. Wang, D.-L. Peng, J. Mater. Chem., 2012,
22, 2757.
(72) G. Mériguet, E. Dubois, R. Perzynskiu, J. Colloid Interface Sci., 2003, 267, 78.
(73) B. N. Wanjala, R. Loukrakpam, J. Luo, P. N. Njoki, D. Mott, C.-J. Zhong, M. Shao,
L. Protsailo, T. Kawamura, J. Phys. Chem. C, 2010, 114, 17580.
(74) T. C. Deivaraj, W. Chen, J. Y. Lee, J. Mater. Chem., 2013, 13, 2555.
(75) P. Prieto, V. Nistor, K. Nouneh, M. Oyama, M. Abd-Lefdil, R. DÍaz, Appl. Surf.
Sci., 2012, 258, 8807.
(76) M. C. Biesinger, B. P. Payne, A. P. Grosvenor, L. W. M. Lau, A. R. Gerson, R. S.
C. Smart, Appl. Surf. Sci., 2011, 257, 2717.
(77) A. P. Grosvenor, B. A. Kobe, N. S. McIntyre, Surf. Sci., 2005, 574, 317.
(78) M. N. Islam, M. Abbas, C. Kim, Curr. Appl. Phys., 2013, 13, 2010.
(79) M. Damnjanovic, G. Stojanovic, V. Desnica, L. Zivanov, R. Raghavendra, P.
Bellew, N. Mcloughlin, IEEE Trans. Magn, 2006, 42, 270.
(80) M. Mikhaylova, D. K. Kim, N. Bobrysheva, M. Osmolowsky, V. Semenov, T.
Tsakalakos, M. Muhammed, Langmuir, 2004, 20, 2472.

!

85

(81) M. Younas, M. Nadeem, M. Atif, R. J. Grossinger, J. Appl. Phys., 2011, 109,
093704.
(82) S. Gubbala, H. Nathani, K. Koizol, R. D. K. Misra, Phys. B Condens. Matter, 2004,
348, 317.
(83) W. Wu, P. N. Njoki, H. Han, H. Zhao, E. A. Schiff, P. S. Lutz, L. Solomon, S.
Matthews, M. M. Maye, J. Phys. Chem. C, 2011, 115, 9933.

!

86

Chapter 3
Controlling Void Formation and Symmetry in Fe/FeNi
Core/Alloy NPs by Deposition of Ni (0) on α-Fe Seed NPs
In this Chapter I describe a novel method to prepare Fe/FeNi core/alloy
nanoparticles (NPs) that exhibit controllable morphological transformation after
oxidation. We investigated the deposition of Ni (0) onto α-Fe core NPs and oxidationrelated morphological changes as a function Ni:Fe feed ratio, which also correlates to Ni
shell thickness. Findings indicate that as Ni deposits onto the Fe core asymmetrically
with increasing encapsulation as the Ni:Fe feed ratio increases to produce Fe/FeNi
core/alloy NPs. At lower Ni:Fe feed ratios a shell thicknesses, the Fe/FeNi core/alloy
NPs undergo Kirkendall Diffusion to form asymmetric, as well as symmetric,
FeNi/void/NiFe2O4 alloy-core/void/oxide-shell NPs. Higher Ni:Fe feed ratios result in
thicker Ni shells, resulting in passivation of the NPs from oxidation. I would like to
acknowledge and thank Dr. Steve Kriske and Dr. Jon Chu of Cornell Center for Materials
Research for performing the magnetic and XPS experiments, respectively.

3.1

Introduction
Multi-metallic nanoparticles (NPs) have recently become an important research

topic as a result of the many combinations of metals, which result in unique properties
that might not resemble the bulk or individual NP counterparts. Such materials have
been shown to have exciting electronic,1 catalytic,2 and optical3 properties that are almost
always greater than the combination of the individual nanomaterials. The potential
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applications of bimetallic NPs increases dramatically, as compared to the monometallic
counterparts, as a result of the combination of phases in discreet nanoscale dimensions.4
Unique properties of bimetallic nanomaterials are achieved depending on the moiety used
during preparation. For instance, Fe3O4/Au core/shell5 NPs have the both the magnetic
properties of the core and plasmonic properties of the shell and Fe3O4-Pt
heterostructures6,7 exhibit magnetic and catalytic bifunctionality. Alloy NPs, such as
FexCo1-x NPs,8 exhibit unique magnetic properties due to the combination of
ferromagnetic Fe and Co.9 Challenges arise in the fabrication of bimetallic NPs such as
phase segregation, oxidation, and redox reactions. As a result of these challenges, a welldefined method for the preparation of these nanomaterials has not yet been achieved.
FeNi alloy NPs have recently become an important area of study due to interesting
interfacial and magnetic properties.10–12 When synthesized in nano-form, these NPs have
attractive properties such as high saturation magnetization, low hysteresis, high magnetic
permeability,13,14 and corrosion resistance,15 allowing for potential applications in
biomedicine,16 catalysis,17 electronics,18 and magnetic data storage.19 Synthesis of FeNi
alloy NPs typically involves the simultaneous decomposition of Fe and Ni precursors.20–
23

Utilizing this method it is typically difficult to control composition and morphology.

Oxidation of these particles results in the formation of alloy/ferrites, such as
FeNi/NiFe2O4,24 which may affect the magnetic properties due to the formation of a
magnetically dead oxide layer on the surface of the particle.25 Though classical CabreraMott (CM) oxidation has been used to model and understand NP oxidation in
monometallic systems,26–29 it has not yet been applied to bimetallic or multi-metallic
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systems, therefore, understanding the oxidation of these bimetallic FeNi NP systems is of
particular interest.
In this study we investigate the ability of α-Fe metallic NPs to act as templates for
the formation of bimetallic FeNi alloy NPs. We then explore the potential for the
manipulation of interfacial oxidation to rationally design novel FeNi/M3O4 (M= Ni, Fe)
core alloy/oxide NPs with interesting morphologies. We deposited Ni onto α-Fe NPs
using zero valent Ni, (bis-triphenylphosphine) dicarbonyl Ni (0), and subsequently
oxidized the resulting FeNi alloy NPs. In Chapter 2 we used a Ni2+ precursor (Ni(acac)2)
to deposit Ni, which resulted in galvanic exchange and subsequent FeNi-M3O4
heterostructure formation. The novelty of our findings using the Ni (0) precursor is that
Ni deposition results in Fe/FeNi core/alloy formation oxidation of these NPs resulted in
the formation of asymmetric hollow FeNi/void/M3O4, symmetric hollow FeNi/void/M3O4,
or FeNi/M3O4 nanostructures depending on the thickness of the Ni shell before oxidation.
The NPs exhibit a stainless steel-like interface and resist further oxidation preserving the
magnetic properties.

CM theory was then used to model the bimetallic system

confirming that consideration of the diffusion and oxidation rates of the individual metals
can be used to design and model the reported system. The new NP’s crystal structure,
composition, and oxidation states were probed by X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS), respectively, and high-resolution transmission
electron microscopy (HRTEM) visualized the morphological changes. The relationship
between morphology and magnetic properties were also described. The novel NPs may
have potential applications in biomedicine, magnetic data storage, and electronics.
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3.2

Experimental

3.2.1

Materials

Chemicals: Iron (0) pentacarbonyl (Fe(CO)5, 99.5%), (bistriphenyphosphine)dicarbonyl
nickel (0) ((btpp)dc Ni, 98% anhydrous), oleylamine (OAm, 70%), 1-octadecene (ODE,
90%), tetrahydrofuran (THF, anhydrous, ≥99.9%), hexadecylamine (HDA, 98%),
hydrochloric acid (HCl, 1.0 M in diethylether), and ethanol (EtOH, 200 proof) were
purchased from Sigma-Aldrich and used as received.
3.2.2

Synthesis

α-Fe Nanoparticle: Crystalline α-Fe nanoparticles were then prepared via the thermal
decomposition of Fe(CO)5 in the presence of OAm, and HDACl. 30,31 In a typical α-Fe
synthesis, 19.0 mL of ODE, 200.0 mg HDACl, and 1.0 mL of OAm was combined and
degassed at 125 °C for 0.5h. This mixture was then heated to 180 °C in a four neck flask
under Ar and let to equilibrate. Then, 0.35 mL of Fe(CO)5 (1.0 M in THF) was injected
via an airtight needle into the solution under Ar. The reaction mixture was agitated for
mixing by bubbling Ar through the solution followed by manual agitation.

After

annealing for 30 minutes at 180 °C, half of the reaction volume was removed, cooled to
room temperature, and then precipitated with dry EtOH . The un-cleaned α-Fe aliquots
were kept in the reaction vessel under Ar gas and used as the core for nickel deposition,
as described next.
Nickel Deposition at α-Fe Cores (α-Fe/FeNi): Next, nickel was deposited at the α-Fe NP
cores.

Here, a molar feed ratio of Ni:Fe was calculated. Importantly, the molar

concentration of α-Fe NPs in solution was approximated to be [α-Fe] ≈12.5 nM, which is
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based on the moles of iron added during Fe(CO)5 injection after considering the size of
the NPs measured via TEM. For a typical synthesis at Ni:Fe, 1.5 mmol (btpp)dc Ni (3 mL
of 0.1 M in THF) was added to the α-Fe containing solution. Before injection, this
(btpp)dc Ni volume was split into ten separate injections (0.3 mL each) with 15 minute
annealing time between injections. After completing (btpp)dc Ni injections, the reaction
was let to cool to room temperature. The NPs were purified by precipitation in dry EtOH
(200 proof) under Ar. After centrifugation (10 min, 4400 RPM), the product was redispersed in dry hexane and stored in Ar. If direct oxidation of the NPs was conducted,
this was performed by opening the un-cleaned reaction solution to air at 100 °C for 5.0 h,
followed by EtOH precipitation. In addition to Ni:Fe = 1.5, additional ratios of 2.25 and
3.00, were also prepared by adding 0.3 mmol, 0.75 mmol, and 2 mmol of Ni(acac)2 ,
respectively.
3.2.3

Instrumentation

All optical absorption data was acquired using a Varian Cary Bio100 UV-Visible
Spectrophotometer (UV-vis).

The transmission electron micrographs (TEM) were

obtained using a JEOL 2000EX transmission electron microscope operated at 100 kV.
Samples were drop cast onto a carbon coated copper grids. The high-resolution TEM
(HRTEM) images were collected on a JEOL JEM2100F Field emission TEM operated at
200 kV at the Analytical and Diagnostics Laboratory (ADL) at State University of New
York at Binghamton. The instrument was equipped with a STEM detector and an Energy
dispersive x-ray spectroscopy (EDS) detector. The Fourier Transform Infrared (FTIR)
data was acquired using a Nicolet 6700 FTIR Spectrometer equipped with a diamond
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smart iTR attenuated internal reflectance accessory, and a liquid N2 cooled MCT-A
detector. Samples were drop cast as neat solutions, or dried powders on the ATR crystals.
The powder X-ray diffraction (XRD) patterns were taken on a Bruker D8 Advance
powder diffractometer using Cu Kα radiation (1.5406 Å). Samples were drop cast and
dried on a zero diffraction SiO2 crystal (MTI Corp.). X-ray Photoelectron Spectroscopy
(XPS) measurements were performed on Surface Science Instruments (SSI) model
SSX0100 that utilized monochromatic aluminum K-α X-rays (1486.6 eV) (Cornell
Center for Materials Research, CCMR). The NP powders were dispersed on freshly
cleaved Si substrates before analysis. The XPS analysis of peak binding energy and
deconvolution was performed using CASAXPS software, in which a Shirley background
subtraction was used, as was a 50:50 Guassian:Lorenzian line widths. All XPS were
corrected for charging using the C 1s peak position of 284.8 eV. This value was further
corrected using calibration samples that consisted of gold nanoparticles deposited on
similar HOPG substrates, and corrected to Au 4f of 84.0 eV (data now shown). The
magnetic measurements were also conducted at the CCMR on a Quantum Design
Physical Property Measurement System (PPMS) with a Vibrating Magnetic Sample
(VSM) attachment at an applied magnetic field ranging from -20 kOe to 20 kOe and a
temperature range of 400 K to 10 K. For field cooling studies, an applied field of 100 Oe
was used. Powder magnetic samples were prepared via ethanol precipitation and airdrying, followed by mass readings before measurements.
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3.3

Results and Discussion
In this section we first characterize the nanoparticles (NPs) for composition and

crystal structure change after addition of varying Ni shell thicknesses on α-Fe core NPs,
and then proceed to study the resulting morphological changes due to oxidation. Like
Chapter 2, we chose α-Fe as our template due to the ability to synthesize highly
monodisperse crystalline NPs with controllable sizes at relatively low synthesis
temperature (180 °C) under mild conditions. Fe is an ideal substrate due to the ability to
also adopt an FCC phase, γ-Fe,32 which is the preferential phase for metallic Ni.33 Ni can
also adopt a metastable BCC phase,34,35 also making it an ideal candidate for deposition
on α-Fe, but has a slower oxidation rate than that of Fe. These criteria are the reasons we
chose this system to investigate the effect of interfacial oxidation at bimetallic FeNi
interfaces. Though we used fresh cores for each synthesis (Figure 3.2) the cores were
mostly similar to those shown in Figure 3.1. The α-Fe cores were highly crystalline as
indicated by the sharp BCC <110> reflections at 44.8° as well as the <200> at 65.2°. The
inset of Figure 3.1 shows the TEM of highly monodisperse spherical NPs with an average
diameter of 7.6 ± 0.7 nm. Ni was added to the α-Fe cores at molar feed ratios of Ni:Fe =
1.50, 2.25, and 3.00 to produce varying Ni shell thicknesses.
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α-Fe

Figure 3.1. Powder XRD of highly crystalline BCC α-Fe core NPs indicated by the
<110> and <200> reflections at 44.8° and 65.2°, respectively. The inset shows the TEM
of the highly monodisperse spherical particles with an average diameter of 7.6 ± 0.7 nm.
Ni (0) was added in feed ratios of Ni:Fe = 1.50 (a), 2.25 (b), and 3.00 (c) to these
particles to result in varying shell thicknesses.
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(a)

(b)

(c)

Figure 3.2. α-Fe core NPs to which Ni (0) was added in feed ratios of Ni:Fe = 1.50 (a),
2.25 (b), and 3.00 (c). The three cores were relatively monodisperse with diameters of
12.0±1.5 nm, 13.6±1.3 nm, 8.1±1.3 nm, respectively.
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The NP products were then collected as purified powders and the crystal structure
was studied via powder X-ray diffraction (XRD). Figure 3.3 shows the resulting XRD
diffractograms for the the NP products after Ni addition at Ni:Fe = 1.50 (i), 2.25 (ii), and
3.00 (iii) before (a) and after (b) oxidation. Addition of Ni at a feed ratio of Ni:Fe = 1.50
resulted in significant crystal structure change. The metallic <110> peak shifted from
44.5 to 44.0 suggesting Ni addition and alloying. The sample also exhibited considerable
oxidation as shown by the M3O4 reflections at 30.4, 35.8, and 43.3 degrees. This is most
likely due to the sample being prepared in air. After intentional oxidation the NPs exhibit
primarily M3O4 diffraction pattern, indicating that the resulting particles are mostly oxide.
Increasing the feed ratio to Ni:Fe = 2.25 results in the formation of NPs with FCC
morphology indicated by a new reflection at 52.1°, which was expected due to the
increased Ni:Fe feed ratio. Oxidation of these particles also resulted in near complete
oxidation of the NPs. Further increasing the feed ratio to Ni:Fe = 3.00 results in an
exclusively FCC Ni diffraction pattern, exhibiting little to no oxidation. Heating these
particles open to air resulted in minimal oxide formation, indicating the NPs ability to
resist oxidation under these conditions. These particles are shown to resist oxidation and
remain stable under ambient conditions. The diffraction pattern was acquired once more
after 4 months (Fig 3.4 b) and little to know change in the diffraction pattern was
observed.
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Figure 3.3. XRD of resulting NPs before (a) and after (b) oxidation for the α-Fe core (i)
and for feed ratios of Ni:Fe = 1.50 (ii), 2.25, (iii), and 3.00 (iv). The morphology
increases in FCC Ni character with increasing Ni:Fe feed ratio. Oxidized Fe/FeNi show
near complete Fe3O4 morphology at Ni:Fe = 1.50 and 2.25 feed ratios whereas little to no
oxidation is seen in the Ni:Fe = 3.00 before or after oxidation.
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Figure 3.4. Fe/FeNi with a feed ratio of Ni:Fe = 3.00 after oxidation (a) and after
oxidation after four months (b). Little to no change in morphology is observed indicating
the particles stability and ability to resist oxidation over time.
The change in composition after Ni addition was studied using X-ray
photoelectron spectroscopy (XPS). Figure 3.5 shows the spectral results for Fe and Ni
before (a,b) and after (c,d) oxidation, respectively, at feed ratios of Ni:Fe = 1.5 (i), 2.25
(ii), and 3.00 (iii). Fe spectra before oxidation (a, i-iii) show small Fe0 2p peaks, but are
mostly oxidized as indicated by prominent 2p3/2 peaks at 709.7 eV, 711.1 eV, and 711.5
eV for Ni:Fe = 1.50, 2.25, and 3.00, respectively. This corroborates what was seen in the
XRD diffraction pattern (Fig. 3.3). Ni spectra before oxidation (b, i-iii) appear to be
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predominantly metallic Ni indicated by 2p3/2 peaks at 852.7 eV, 852.8 eV, and 852.6 eV
for Ni:Fe = 1.50, 2.25, and 3.00, respectively. After heating of the NPs open to air, Fe (c)
and Ni (d) 2p3/2 and 2p1/2 exhibited a shift to higher energy confirming the oxidation of
the NPs. This also suggests that the composition of the outer shell contains both Fe and
Ni metal oxides. It is interesting to note that although the Fe spectrum is not very
prominent for Ni:Fe = 3.00 (c, iii), a small metallic Fe peak is observed at 707.8 eV.
Since both metallic and oxide Fe peaks are observed, this suggests that some Fe diffused
to the surface of the particle and also that the Fe core was preserved. Coexistence of the
metallic Fe (c, iii) and Ni (d, iii) also suggests FeNi alloying. This indicates that for feed
ratios of Ni:Fe = 3.00, the composition of the NPs after oxidation is most likely αFe/FeNi/Ni/M3O4 (M = to Fe, Ni).

Fe composition decreased and Ni composition

increased with increasing Ni:Fe feed ratio. For instance, Fe composition was 53.1 %,
48.8 %, and 31.2 % and Ni composition was 46.9 %, 51.2 %, and 68.8 % for feed ratios
of Ni:Fe = 1.50, 2.25, and 3.00, respectively, before oxidizing the NPs (Table 3.1). Fe
composition for the oxidized particles (Table 3.2) remained high at 55.3 % and 87.4 %
for Ni:Fe = 1.50 and 2.25, respectively. This suggests the diffusion of Fe atoms outward
during oxidation, resulting in the formation of an outer metal oxide layer that is Fe-rich
but still contains Ni. Ni composition remains high at 73.3 % even after oxidation for
Ni:Fe = 3.00, suggesting that the Fe core is completely covered by Ni monolayers, and
that Fe diffusion is passivated due to the thickness of those monolayers.
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(a)

(b)

(c)

(d)

Figure 3.5. XPS spectral results for Fe and Ni before (a,b) and after (c,d) oxidation,
respectively, at feed ratios of Ni:Fe = 1.5 (i), 2.25 (ii), and 3.00 (iii). Results indicate
increasing Ni and decreasing Fe composition with increasing Ni:Fe feed ratio. Shift to
higher energy in peak position indicates that oxidation has indeed occurred. The dashed
lines indicate binding energy for metallic Fe and Ni.
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Table 3.1: XPS determined composition ratios and binding energy (BE) values.

1

Feed
Ratio

Composition
(%)

Ni (2p)
(eV)

Fe (2p)
(eV)

Ni:Fe
1.50

Ni
46.9

Fe
53.1

1/2
871.4

1/2,sa
874.9

3/2
852.7

3/2,sa
856.1

1/2
723.9

2.25

51.2

48.8

870.1

874.8

852.8

856.1

723.3

3.00

68.8

31.2

869.9

874.2

852.6

856.0

724.8

3/2
706.2
709.7
706.1
711.1
706.3
711.5

O
(eV)

C
(eV)1

1s
530.2

1s
285.3

532.3

284.9

531.1

285.2

XPS spectra corrected to C1s at 284.8 eV. sa = satellite peak.

Table 3.2: XPS determined composition ratios and binding energy (BE) values for
oxidized products.
Feed
Ratio
Ni:Fe
1.50

Oxidized
Composition
(%)
Ni
Fe
44.7
55.3

1/2
872.7

2.25

12.6

874.3

87.4

Oxidized
Ni (2p)
(eV)
1/2,sa
3/2
879.7 852.1
854.5
880.9 853.0

3/2,sa
859.6

856.1
861.9
3.00
73.3
26.7
873.2 879.1 851.9 858.3
854.7 863.2
1
XPS spectra corrected to C1s at 284.8 eV. sa = satellite peak.

Oxidized
Fe (2p)
(eV)
1/2
3/2
723.7 711.1

O
(eV)

C
(eV)1

1s
530.2

1s
285.1

725.9

711.1

530.3

285.4

726.9

707.8
713.2

534.1

289.1

Figure 3.6 shows the NP products after Ni addition at molar feed ratios of Ni:Fe =
1.50 before (a) and after oxidation (b), Ni:Fe = 2.25 before (c) and after (d) oxidation,
and Ni:Fe = 3.00 before (e) and after (f) oxidation. The resulting NPs were ellipsoid or
asymmetric, monodisperse, and increased in diameter with increasing Ni:Fe feed ratio,
indicating successful Ni addition. The average diameters after Ni addition were 12.0 ±
1.5 nm, 11.2 ± 1.2 nm, and 18.0 ± 2.6 nm before oxidation for feed ratios of Ni:Fe of
1.50, 2.25, and 3.00, respectively.

Increase in diameter can be equated to Ni addition

and shell growth, therefore the average shell thicknesses were calculated to be 0.5 nm,
2.0 nm, and 5.0 nm for feed ratios of Ni:Fe = 1.50, 2.25, and 3.00, respectively, based on
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starting core size (Fig. 3.2). For simplicity, we will refer to the samples as thin, medium,
and thick Ni shell for the rest of the discussion. Interestingly, the NPs with a thin Ni shell
formed an egg-yolk-like hollow NP (b) after heating open to air at 100 °C. Similar
morphology has been observed in other Fe, Ni, and metal NP systems, but to our
knowledge, this is the first time this morphological transformation has been observed as a
result of intentional oxidation in such a system. The inset before oxidation shows a
HRTEM image with lattice spacing of d= 0.205 nm at the center of the particle. This
lattice spacing corresponds to <111> of FCC FeNi alloy.

The inset and the low-

resolution TEM image show higher contrast at the edge of the particle, suggesting that
sub-monolayer amounts of Ni has deposited, which also corroborates the small increase
in diameter after Ni addition. HRTEM of the oxidized particle show lattice spacing for
the high contrast part of the particle of d = 0.205 nm which corresponds to <111> of FCC
FeNi alloy. The outer shell has lattice spacing of d = 0.255 nm which corresponds to the
<311> of M3O4 (M= Fe, Ni). XPS results (Fig. 3.5) confirm that the shell consists of
both Fe and Ni, and the HRTEM corroborates the intensity of the <311> oxide peaks in
the XRD pattern (Fig. 3.3). The oxidized particle also exhibits an increase in average
diameter to 13.0 ± 1.5 nm, which is also expected of oxidized NPs due to the decrease in
density from metallic to oxide. Similarly, at medium Ni shell thickness (c) the NPs form
hollow structures (d) after oxidation.

At this Ni shell thickness, a symmetric

core/void/shell structure is achieved most likely due to the symmetric addition of
approximately two extra Ni monolayers.

We exhibited a similar oxidation-related

morphological transformation in our Fe/FeCr/M3O4 core/void/shell system.36 HRTEM
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before oxidation shows lattice spacing of d = 0.203 nm which is most likely <111> of
FCC Ni, but could also be metallic Fe or FeNi alloy due to the similar lattice constants of
metallic Ni and Fe. After oxidation d = 0.255 nm, which corresponds to the <311> of
M3O4, once again corresponding to what was seen in the XRD diffraction pattern.
Coupled with the XPS data, the outer shell also appears to be a mixed metal spinel ferrite
(NiFe2O4). The symmetric core/void/shell NPs had an average diameter of 13.7 ± 1.3 nm,
NP products with thick Ni shells (e) exhibited an asymmetric shape typical of FeNi NPs,
due to increased growth of the Ni domain. No void formation was exhibited after
oxidation (f) of these NPs.

Increasing the number of monolayers passivated the

oxidation-related morphological changes, which is consistent with what has been
theoretically and experimentally determined in literature for monometallic systems.
Before heating open to air, HRTEM shows lattice spacing of both d = 0.206 nm and
0.202 nm, which we attribute to the <111> of fcc FeNi and the metallic Ni, respectively.
These multiple <111> facets show the growth direction of the Ni shell, which is also
corroborated by the intense fcc <111> peak in the XRD diffraction pattern. HRTEM of
the oxidized thick Ni shell NPs is similar to that of the unoxidized sample except for the
growth lattice plane with d = 0.182 nm. This lattice spacing corresponds to the <220>
M3O4 peak, which is also seen in the XRD diffraction pattern for this sample. We
attribute to the growth of a thin oxide shell on the exterior of the particle, which is also
indicated by an increase in diameter to 24.4 ± 5.8 nm, and is typical of metallic NPs.
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Figure 3.6. Fe/FeNi products after addition of Ni at feed ratios of Ni:Fe = 1.50 before
(a) and after (b) oxidation, Ni:Fe = 2.25 before (c) and after (d) oxidation, and Ni:Fe =
3.00 before (e) and after (f) oxidation. Hollowing of NPs occurs at feed ratios of Ni:Fe =
1.50 and 2.25 but not at Ni:Fe = 3.00.
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To better understand this oxidation-related morphological transformation, we
used HRTEM in combination with energy dispersive X-ray spectroscopy (EDX). EDX
for the thin (a,b), medium (c,d), and thick (e,f) shell samples are shown in Figure 3.7
before (a,c,e) and after (b,d,f) oxidation. The thin shell samples (a) show the NP to have
a thin Ni shell covering the Fe core, which is also suggested by the ratio of metallic Fe
and Ni peaks in the XPS spectra (Fig. 3.5). HRTEM (Fig. 3.6) for this sample also
suggest FeNi alloying where this Fe-Ni overlap occurs, confirming Fe/FeNi core/alloy
morphology. The oxidized sample (b) shows a slight Ni shoulder overlapping with
increased Fe intensity near the “yolk-like” section of the particle. Fe-Ni overlap and
lattice spacing suggest this core to be FeNi alloy. A void is observed followed by
increasing intensity of Fe. XRD (Fig 3.3), XPS, and HRTEM suggest this shell to be
M3O4 (M = Ni, Fe) that is Fe rich, suggesting an asymmetric FeNi/void/M3O4
alloy/void/oxide shell morphology. EDX of the medium shell (c) sample show greater Ni
coverage, with a shell that may be too thick to see the Fe core. XPS, XRD, and HRTEM
suggest these particles to have Fe/FeNi/Ni core/alloy/shell morphology. The oxidized
sample (d) shows a plateau in the Ni spectra, suggesting hollowing underneath the shell.
HRTEM, XRD, and XPS suggest that the shell is M3O4 that is Ni rich, resulting in a
symmetric FeNi/void/M3O4 alloy/void/oxide morphology. EDS of the sample with thick
Ni shell (e) exhibit a shell too thick to see the Fe core. Based with the results from XRD,
XPS, and HRTEM Fe/FeNi/Ni core/alloy/shell morphology is suggested. The oxidized
sample shows Fe and Ni peaks, suggesting Ni and Fe alloying. XPS and HRTEM also
suggest a thin M3O4 shell that is Ni rich, resulting in Fe/FeNi/Ni/M3O4 morphology.
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Figure 3.7. Energy Dispersive X-Ray (EDX) spectra for thin (a,b), medium(c,d), and
thick (e,f) Ni shell samples before (a,c,e) and after (b,d,f) oxidation. Thin shell samples
exhibit Fe/FeNi core/alloy and asymmetric FeNi/void/M3O4 morphology before and after
oxidation, respectively. Medium shell samples exhibit Fe/FeNi/Ni core/alloy/shell and
symmetric FeNi/void/M3O4 morphology before and after oxidation, respectively. Thick
shell samples exhibit Fe/FeNi/Ni and Fe/FeNi/Ni/M3O4 morphology before and after
oxidation, respectively.
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FeNi alloy NPs have been studied for their applications in electromagnetic
interference suppression37 in electronics as well as corrosion resistant films.15 Alloying
Ni with Fe on the nanoscale offers the unique ability to tune magnetic properties due to
the varying intrinsic magnetic moments of Fe and Ni. Morphology, composition, and
shape play important roles in NP magnetic properties, and so far we have shown that
these particles have interesting pre and post oxidation morphologies. Hysteresis loops at
300 K and 10 K before and after oxidation are shown in Figure 3.8 and data extracted
from these figures is shown in Tables 3.3 and 3.4. Before oxidation the NPs show
negligible coercivity (HC) at 300 K. Saturation magnetization (MS) is highest for the thin
shell sample. Increasing Ni content, or shell thickness results in the lowest MS for the
medium shell sample. We attribute this to a lower intrinsic magnetic coupling between
the core and shell. Also, the average diameter of the particles is relatively the same size,
but due to using different starting cores the Ni shell thickness is greater for the medium
sample, which supports the decreased MS as well. Interestingly MS for the thick shell
sample was intermediate to the thin and medium shells, despite have a larger average
diameter and greater Ni shell thickness. This is most likely due to Fe-Ni alloying as
described by XRD (Fig. 3.3), XPS (Fig. 3.5), HRTEM (Fig. 3.6), and EDX (Fig. 3.7)
previously. Decreasing the temperature to 10 K results ferromagnetic behavior for all
particles as indicated by increased HC. This behavior is expected for FeNi NPs in this
size range and is typical of superparamagnetic NPs.

The oxidized NPs show a

completely different trend in magnetization as compared to their unoxidized counterparts.
Coercivity in these samples is negligible and these particles also exhibit
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superparamagnetic behavior. MS increases with increasing Ni content for the oxidized
samples. This is most like due to most of the Fe being oxidized in the symmetric and
asymmetric core alloy/void/oxide shell NPs.

Fe3O4 is ferromagnetic compared to

ferromagnetic metallic Fe. Also, the M3O4 shell contains some Ni meaning the oxide
shell is most likely more antiferromagnetic in character than ferrimagnetic. The thick
shell sample remains mostly metallic Fe, Ni and FeNi alloy, therefore has the highest MS
values.

(a)

(b)

(c)

(d)

Figure 3.8. Hysteresis loops for thin (purple), medium (red), and thick (orange) Ni shells
at 300 K (a,b) and 10 K (c,d) before (a,c) and after (b,d) oxidation.
Magnetization vs. temperature was measured by zero field cooling (ZFC, i) and
field cooling (FC, ii) studies, shown in Figure 3.9, to qualitatively approximate the
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blocking temperature (TB) and interparticle interactions. ZFC is cooling in the absence of
a magnetic field and then measuring magnetization as temperature increases. FC is the
same experiment, except the sample is cooled under a small magnetic field, 100 Oe)
before measuring magnetization during warming. M vs. T curves for the NP products
with thin shell did not vary much before (a) and after (b) oxidation.

ZFC before

oxidation shows an increase in M as T is increased above the blocking temperature of
approximately 25 K and 35 K before and after oxidation, respectively.

The

magnetization continues to increase as the temperature approaches the Curie temperature
(TC) for superparamagnetic Fe particles, which is dependent on size, shape, composition,
and distance between particles.38 Typically the magnetization for superparamagnetic
particles begin to plateau or even decrease as the temperature nears TC due to sufficient
thermal energy to change spin rapidly resulting in a net decrease in magnetization.39 In
measuring magnetization after ZFC and FC experiments, a small field (~25 Oe) is applied
to measure the magnetization as temperature is increased. The data suggests that this
small field is sufficient to saturate the magnetization of these particles above the TB. M
decreases minimally with increasing T after FC for the same reason, magnetic saturation
of the particles. The applied field of 100 Oe was enough to saturate the magnetization of
the thin shell particles; therefore the decrease in M with T is very small. The minimal
decrease in M as T increases after field cooling is suggestive of magnetic dipolar
interactions. The particles maintain alignment although they are warmed in a near zero
magnetic field, resulting in a net magnetic moment that hardly diminishes as T is
increased. M vs. T for the medium shell sample exhibits typical superparamagnetic
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character before oxidation (c). After ZFC, M increases as T increases until TB, followed
by a decrease in M as T increases as the particles approach the TC. After FC, the particles
were magnetized and M decreased as T increased, suggesting that the particles are noninteracting. Oxidized medium shell samples show a very unique M vs. T trend (d). After
ZFC, M increases as T increases indefinitely similar to the thin shell samples. After FC,
M increases with T indicating that the particles were still blocked after cooling in a field
of 100 Oe. This is most likely due to ferromagnetic-ferrimagnetic coupling between the
core and the oxide shell as seen similarly in core/oxide systems previously.40,41 XPS (Fig.
3.5), HRTEM (Fig. 3.6), and EDX (Fig. 3.7) suggest the oxide shell to be Ni rich, as
previously mentioned. Ni oxide is antiferromagnetic, and Ni ferrite is ferrimagnetic,
meaning that the oxide shell is weakly ferrimagnetic, nearing antiferromagnetism. Due to
this coupling, a field higher than 100 Oe is required to magnetize the NPs. The thick
shell NPs exhibit trends similar to that of the thin shell samples. M vs. T for before
oxidation (e) shows a sharp increase in M as T increases until the TB after ZFC. M
continues to increase after TB, once again indicating magnetic dipolar interactions
between the particles, allowing for net magnetization. After FC, the NPs were saturated,
and a small decrease in M with increasing T is observed, also suggesting the occurrence
of magnetic dipolar interactions between particles. The trend for the oxidized sample (f)
is similar to that of the unoxidized sample. Blocking temperature increases with size for
all samples with the exception of the medium shell NPs before oxidation. Though the
sizes of the NPs are similar to that of the thin shell sample, the medium shell sample
contains a thicker Ni shell and therefore higher Ni content. FCC is the favored Ni lattice,
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which has many more potential easy axes of magnetization than that of BCC Fe.33,42 For
this reason greater thermal energy is required to overcome the anisotropy energy for
changing the spin, therefore the blocking temperature is higher even though the average
NP diameter is about the same.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.9. Magnetization vs Temperature plots measured after zero field cooling (i) and
field cooling (ii) for FeNi NP products with thin Ni shell before (a) and after (b)
oxidation, medium Ni shell before (c) and after (d) oxidation, thick Ni shell before (e)
and after (f) oxidation. Field cooling studies were performed by cooling at 100 Oe.
Table 3.3. Magnetic data extracted from Figure 3.7 (a, b) and 3.8 (a, c, e) for FeNi
samples before oxidation.
300 K
10 K
Ni:Fe
dTEM
ts
HC
MS
HC
MS
TB
(nm)
(nm)
(Oe)
(emu/g)
(Oe)
(emu/g)
(K)
1.50
12.0 ± 1.5
0.5
104.2
400
126.0
25
2.25
11.2 ± 1.2
2.0
29.5
65
38.5
55
3.00
18.6 ± 2.6
5.0
51.5
320
63.5
106
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Table 3.4. Magnetic data extracted from Figure 3.7 (c, d) and 3.8 (b, d, f)
for FeNi samples after oxidation.
300 K
Ni:Fe
1.50
2.25
3.00

dTEM
(nm)
13.0 ± 1.5
13.7 ± 1.3
24.4 ± 5.8

HC
(Oe)
-

MS
(emu/g)
62.7
72.8
101.5

10 K
HC
(Oe)
125
183
285

MS
(emu/g)
68.5
83.1
131.2

TB
(K)
35
50
100

The data presented in so far is indicative of a diffusion controlled mechanism for
void formation which we have previously observed in the corresponding Cr-Fe system.36
Oxidation in bulk materials is classically treated the theory of Cabrera-Mott (CM)43 and
its subsequent refinements to include coupled currents and the nature of the ionic
conduction within the oxide.44,45 The basis of CM theory is that oxygen adsorption onto a
metal surface induces a potential field through which both electrons and metal ions
migrate; oxygen is reduced and generates the corresponding metal oxide. This process
continues via electron tunneling until the oxide layer is thick enough to limit further
metal migration. Later refinement of the theory noted that this is dependent on whether
the oxide was a metal conductor or oxygen conductor (which is dependent on the strength
with which metal ions are held in the lattice),46 but as the oxides of Fe and Ni are both
metal conductors we will not consider this further here.
The inherent mechanism described by CM theory is also often applied to
nanomaterials,47 although transition to the nanoscale provides further intricacies due to
strain influenced diffusion,48 facet dependent oxidation,49 and different boundary
conditions due to 3 dimensional migration.50 While it has been noted that the application
of CM theory to nanoparticles cannot be quantitative,50 the underlying mechanism
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provides a good qualitative approximation for determining relative rates of oxidation in
mixed metal systems. The coalescence of defects to form voids is understood to be the
result of a Kirkendall effect whereby the diffusion of the metal ions is much faster than
that of the oxygen anions with in the metal oxide,51 and has been explored for both Fe48
and Ni52 nanoparticles as well as Fe-Cr36 and Ni-Cr53 nanoparticles. To the best of our
knowledge, however, no one as explored Fe-Ni core shell nanoparticle oxidation. Here,
we utilize CM theory and the Kirkendall effect to describe the presence of asymmetric
and symmetric voids as a function of Ni precursor, as well as the absence of voids in the
thick shell regimes.
Cabrerra and Mott proposed that the rate of oxidation of a metal surface with
oxygen could be described as:
𝑑𝑋
𝑑𝑡

𝑋1

= 𝑢𝑒( 𝑋 ) !

(Equation 1)

with
𝑊

𝑢 = 𝑢0 𝑒(!𝑘𝑇)

(Equation 2)

where W is defined as the activation energy for diffusion, k is the Boltzmann constant,
and T is the temperature. The term u0 is defined as

𝑢0 = 2𝑎𝐶𝑖 Ω𝑣

(Equation 3)

where 2a is the ion jump distance, Ci is the number of atoms available for diffusion in the
lattice, Ω is the volume of oxide formed per metal ion, and v is the frequency of ionic
motion. The electric field contribution is given in the variable X1 as
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𝑋1 =

𝑞𝑉𝑚 𝑎

(Equation 4)

𝑘𝑇

with q being the charge of the migrating ion, Vm the Mott potential formed due to the
migration of electrons and the ions, and a is the lattice constant for the forming metal
oxide. Vm is dependent on the Fermi level of the oxidizing metal and the oxide molecule
formed near the surface, and the electric field generated is dependent on the distance
(leading to self-limiting behavior). Integration of Eqn 1 using the approximation that X
<< X1 and rearranging gives the following expression for the oxide layer thickness as a
function of time:

𝑋 = 𝑋1 (− ln

𝑋1 𝑢𝑡
𝑋𝐿 2

)!1

(Equation 5)

giving a function of the type X/X1 = A – ln(t). XL is defined as the limiting thickness and
is defined as:
𝑞𝑎𝑉

𝑚
𝑋𝐿 = 𝑊!39𝑘𝑇

(Equation 6)

The equations listed provide several valuable insights into the oxidation of metal
surfaces. Firstly, the relative potential drop across the metal surface will directly alter the
rate at which the oxide is formed, as well as the final thickness of the film. Secondly, the
activation energy of thermal motion is critical to determining the overall reaction
efficiency, and provides further insights to subsequent Kirkendall effects in the
nanoparticle. In the subsequent work, we divide the stages of CM growth and explore
how increasing Ni content changes Fe oxidation in each of our particle systems using
knowledge of the electronic structure, oxide thermodynamics, and diffusion
considerations to rationalize the observed morphologies.
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The deposition of zero valent Ni onto the surface of the Fe nanoparticle is
analogous to the technique used for Cr deposition, but the resulting particles are
drastically different in their physical characteristics. As both α-Fe and Cr are body
centered cubic with similar lattice constants (a = 2.87 and 2.88 Å for Fe and Cr
respectively), well formed core-shell morphologies are expected and indeed observed.36
In the case of face-centered cubic Ni, however, a lattice mismatch of nearly 20% (a =
3.52 Å) likely disrupts the formation of a uniform shell, and gives rise to the irregular
shapes observed under HRTEM in Figure 3.6.

We hypothesize that increasing Ni

content bridges these islands to promote a more uniform shell, leading to either
symmetrical void formation or complete passivation as in the case of the Ni:Fe 3.00
sample. In addition to differences in shell formation, the presence of Ni islands on the
surface of the Fe also perturbs the local electron density at the metal-metal interface.
Differences in the metal workfunctions (ω = 4.7 and 5.2 eV for Fe and Ni, respectively),
result in a significant contact potential which has been experimentally observed to be ~
+0.2 V for bulk heterojunctions of Ni and Fe.54 Thus in addition to the asymmetry of the
shell surrounding the Fe nanoparticle there also exists an asymmetry in electric potential
within the particle itself, which is in direct contrast to the Fe-Cr system. With increasing
Ni precursor amounts, the Ni shell becomes more uniform and thus the relative
asymmetry of oxidation (both in terms of spatial and electronic contributions) is
diminished. The extent to which contact potential alters the rate of Fe oxidation is
decreased with increasing Ni precursor addition. In addition to inherent field effects, the
rate of oxygen chemisorption is known to be very different for Fe and Ni metal. XPS
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data has demonstrated that Fe is preferentially oxidized relative to Ni at room
temperature due to differences in the so called sticking coefficient.55 As the Ni precursor
amount increases, briding of the Ni domains takes place, this asymmetry becomes less
prevalent in the system, leading to a symmetric shell surrounding.
3.4

Conclusions
In conclusion we have successfully prepared Fe/FeNi core/alloy shell

nanoparticles with varying shell thicknesses. Oxidation of these nanoparticles resulted in
the formation of interesting morphologies. Oxidation of the thin shell Fe/FeNi resulted in
the formation of an asymmetric FeNi/void/M3O4 (M= Ni, Fe) core alloy/void/oxide shell
morphology. Nanoparticles with a medium shell exhibited symmetric FeNi/void/M3O4
core alloy/void/oxide shell morphology. No void formation was observed for thick shell
nanoparticles, which exhibited Fe/FeNi/M3O4 core/alloy/oxide morphology after
oxidation. We have shown that this interesting change in morphology can be attributed
to a combination of Cabrera-Mott oxidation and Kirkendall diffusion mechanisms, and
can be controlled based on thickness of the deposited Ni shell. The nanoparticles remain
highly magnetic, particularly after oxidation where saturation magnetization was shown
to increase as particle size increases. This can be attributed to the protection of the
metallic alloy core by a passivating oxide layer. This work shows great promise in the
quest for obtaining compositional and morphological control in organometallic core/alloy
nanoparticle synthesis. Changing the seed nanoparticles or deposited metal may open the
door for creating and controlling many potential other core/alloy nanoparticle
morphologies with interesting properties.
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Chapter 4
Exploring Cr Deposition, Alloying and Void Coalescence in
Fe/FeCr Core/Alloy NP Synthesis and Oxidation

In this chapter I describe the oxidation properties of nanoparticles with core/alloy
microstructure and a stainless steel like interface. Fe/FeCr core/alloy NPs were prepared
by deposition of Cr onto α-Fe core NPs in similar fashion as seen in Chapters 2 and 3.
As seen previously, the Fe/FeCr NPs undergo a morphological transformation upon
oxidation, resulting in Kirkendall void formation and coalescence, which is strongly
dependent upon alloying and shell thickness. This study is parallel to previous work
performed by another member of our group in which Cr(CO)6 dissolved in ODE was
used as the Cr precursor for deposition onto the Fe cores. This particular Cr precursor
exhibited low solubility in ODE, increasing the difficulty and precision of Cr shell
deposition and subsequent Fe/FeCr core/alloy NP formation. Here, we investigated the
use of Cr(acac)3 dissolved in OAm as the Cr precursor. We also investigated the use of a
strong reducing agent, lithium aluminum hydride, to improve shell deposition by
maintaining a reducing environment and to prevent premature oxidation of the core NPs.
In an attempt to improve alloying, we also investigated the simultaneous injection of Fe
(Fe(acac)3/OAm) and Cr precursors during shell addition.
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4.1

Introduction
Stainless Steel is known for its resistance to oxidation. Most forms are based on

FeCr alloys, but some also incorporate Ni, Mn, and Al. It limits oxygen transport by the
formation of a thin Cr2O3 passivating layer upon oxidation.1 Similar to bulk, oxidation of
nanomaterials is significantly important and the extent of oxidation or type of oxide
formation may affect overall properties and function. Synthesis and characterization of
oxide nanomaterials has been well established,2 and a variety of methods have been
attempted to passivate nanoparticle oxidation such as protein3 and polymer4 wrapping. In
some approaches, oxidation has been used as a synthetic tool to manipulate morphology.
Kirkendall diffusion occurs and can be used to facilitate oxidation-based transformations
that result in a variety of hollow nanostructures such as nanowires,5 nanocubes,6 and
nanospheres.7-10 Varying the shell thickness and phase of core/alloy oxide nanoparticles
can control the extent of hollowfication.

An example of this phenomenon is the

formation of hollow nanocages that are approximately 40 nm in size when oxidizing a
bimetallic Pd/Pt core/shell nanoparticle.11 This synthetic route has been utilized in other
systems as well such as Fe,9 Fe/Fe3O4,12,13 Co,8 Al and Cu,14 ZnS,15 and Cd
nanoparticles.16 Nanoparticles with such morphologies may have potential applications
in bioimaging,17 biomedicine,18 and battery technology.19
The goal of this project is to not only slow nanoparticle oxidation, but to also find
new ways to manipulate oxidation related morphological transformations to obtain
greater precision over nanoparticle microstructure and symmetry. We recently reported
the synthesis and characterization of a α-Fe/Fe1-xCrx core/alloy nanoparticle with a
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stainless steel-like interface.20 Synthesis of FeCr nanoparticles had previously been
attempted by co-precipitating or co-decomposing Fe and Cr precursors,21-23 which
resulted in limited control over nanoparticle composition and microstructure.

Our

approach utilized the deposition of thin Cr shells onto crystalline α-Fe, which was then
alloyed to form α-Fe/Fe1-xCrx core/alloy nanoparticle. Precise control over core and alloy
shell size and thickness is attained via this approach.

Kirkendall diffusion occurs during

oxidation of these nanoparticles, resulting in symmetric void formation and coalescence
and formation of a core/void/alloy oxide shell nanostructure. Shell thickness determines
the extent of oxidation and void formation of these nanoparticles. Thicker shells result in
no void formation and very thin shells may result in complete hollowing of the
nanoparticle. The void thickness and overall internal microstructure can be completely
controlled by controlling the shell thickness, resulting in precise control over the
microstructure of nanoparticles using this approach.
Here we explore the possibility of using Cr(acac)3 as a precursor for deposition of
Cr onto α-Fe core NPs to effectively control shell thickness an alloying in the formation
of Fe/FeCr core/alloy NPs. We also employ a strong reducing agent, lithium aluminum
hydride, to maintain a reducing environment to aid in Cr shell deposition. In an attempt
to improve alloying, we also investigate the simultaneous addition of Fe and Cr
precursors onto the Fe core NPs.

We then investigate the oxidation-related

morphological changes in relation to shell thickness similarly to the studies performed in
Chapters 2 and 3.
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4.2

Experimental

4.2.1

Synthesis

α-Iron Nanoparticle Core Synthesis: Crystalline α-Fe nanoparticles were prepared via
the thermal decomposition of iron (0) pentacarbonyl (Fe(CO)5 in the presence of
oleylamine (OAm), and hexadecylammonium chloride (HDACl).12

In a typical

experiment, 19 mL octadecene (ODE), 200 mg HDACl, and 1 mL of OAm was heated
and degassed at 125 °C for 0.5h. The reaction temperature was then set to 180 °C and
0.35 mL of Fe(CO)5 (1.0 M in THF) was injected into the solution under an Ar blanket.
The color of the solution changed from yellow to brown then to black within 10 minutes,
which is slower due to the HDACl. The resulting nanoparticles are highly susceptible to
magnetic fields; therefore a magnetic stir bar cannot be used. The reaction is stirred by
purging Ar through the reaction to ensure mixing. After annealing for 30 minutes, half of
the reaction mixture is removed and the nanoparticles are precipitated with ethanol (200
proof). After centrifugation (10 minutes, 4400 RPM), the cores were re-dispersed in
hexane and precipitated by ethanol again. The same procedure was repeated once more
and the resulting α-Fe cores were stored in Ar.
Chromium Shell Deposition: In a typical synthesis, a 0.1 M Cr(acac)3 precursor is
prepared by sonication of Cr(acac)3 in OAm.

Alternatively, the precursor may be

dissolved in THF. The amount of precursor needed is calculated based on desired shell
thickness. The precursor volume is then split into separate injections such that each
injections results in the formation of ~0.5 nm shell. In between injections, the sample
was annealed for 15 minutes to allow alloying of the shell. Ethanol (200 proof) was
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added to the mixture to precipitate the product under Ar. After centrifugation (10 min,
4400 RPM), the product was re-dispersed in hexane and stored in Ar.
Oxidation and Formation of Core/Void/Shell Morphology: Oxidation of the α-Fe/Fe1-xCrx
NPs was conducted by heating them open to air at 100 °C in an oil bath. Nanoparticles
were oxidized for 10 hours.
4.2.2

Instrumentation
All absorption data was acquired using a Varian Cary Bio100 UV-Visible

Spectrophotometer with a scan rate of 3000 scans per nanometer. All transmission
electron micrographs (TEM) were obtained using a JEOL 2000EX transmission electron
microscope. Fourier Transform Infrared Spectroscopy (FTIR) data was acquired using a
Nicolet 6700 FTIR Spectrometer. All thermogravimetric analysis (TGA) data was
obtained using a Perkin Elmer Pyris1 TGA. Powder X-ray diffraction (XRD) patterns
were taken on a Bruker D8 Advance powder diffractometer using Cu Ka radiation (k =
1.5406 Å). The diffraction (Bragg) angles 2θ were scanned at a step of 0.04° with a scan
speed of 20 s/step.
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4.3

Results and Discussion
Improving control of chromium shell addition and alloying in the formation of

Fe/FeCr core/alloy NPs was the main goal of this study. We followed a synthetic scheme
similar to our previous study involving the deposition of Cr onto α-Fe core NPs which is
shown in Figure 4.1.20 Fe cores were prepared by the thermal decomposition of Fe(CO)5
in ODE, OAm, and HDACl at 180 °C. Various 0.1 M Cr precursors were prepared for
investigation of their efficiency for Cr shell deposition and alloying. The core/alloy
products were then heated open to air at 100 °C to induce oxidation.

Fe(CO) 5
OAm
HDA Cl

ODE, Ar
180 oC

α-Fe
Core NP

n-additions
Cr(CO)6 /ODE
ODE, Ar
180 oC

Alloying
Anneal

α-Fe

Fe xCr1-x O

Fe xCr1-x

Cr shell

ODE, Ar
180 oC

α-Fe
Core/Alloy

Oxidation
ODE, O2
100 oC

α-Fe

Void
Core/Alloy/Void/Oxide

Figure 4.1. Reaction scheme showing the synthetic method used in the fabrication and
oxidation of Fe/FeCr core/alloy nanoparticles.
Synthesis 1 (Syn1) and Synthesis 2 (Syn2) were performed as control experiments.
Syn1 was performed using 0.1 M Cr(CO)6 in ODE as the chromium precursor and Syn2
was performed using 0.1 M Cr(CO)6 in THF as the chromium precursor. Handling of
these precursors was somewhat challenging, because heating was required to dissolve
them, which results in the chance that the precursor may oxidize before injection. The
amount of Cr precursor used was the amount needed to obtain a shell thickness of
approximately 10 nm using a spherical model and assuming a 17 nm core, which is the
typical diameter of cores produced using this synthetic method. A 10 nm shell is much
thicker than shells previously attempted; therefore a significant amount of Cr precursor is
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required. Syn1 resulted in the addition of a thin Cr shell (less than 0.5 nm). Oxidation of
the resulting Fe/FeCr NPs produced near complete hollowing of the NPs, which is
expected at shell thicknesses less than 1.5 nm.9 Cr(CO)6 has low solubility in ODE,
therefore most of the precursor injections contained less than calculated amounts of Cr.
This resulted in the addition of a thin layer of chromium allowing core material to diffuse
to the surface of the nanoparticle during oxidation. Cr(CO)6 is more soluble in THF,
therefore Syn2 resulted in the addition of a thicker shell (~2.45 nm) and better control
over shell addition. A thicker shell results in a thicker passivating Cr2O3 layer not
allowing diffusion of Fe from the core to the surface of the particle. The thin and thick
shelled NPs after oxidation are shown in Figure 4.2. Syn1 and Syn2 demonstrate the
inefficacy of Cr(CO)6 in ODE and THF as Cr precursors as indicated by the relatively
thin shells that were produced.
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(a)
Thin Cr shell

M3O4 (M=Fe,Cr)
void
α-Fe

Oxidation
Cr2O3

α−Fe
Fe1-xCr x

Thick Cr shell

Oxidation

(b)
Cr2O3
Fe1-xCr x
α-Fe

Figure 4.2. Synthesis 1 resulted in the deposition of a thin Cr shell (a), which allowed
for Kirkendall diffusion and hollow nanoparticle formation after oxidation. Synthesis 2
resulted in deposition of a thicker Cr shell (b), which passivated the nanoparticles from
further oxidation. Neither Cr precursor produced the desired shell thickness of 10 nm.
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Chromium (III) acetylacetonate was utilized as the Cr precursor in Syn3.
Cr(acac)3 was dissolved in OAm (0.1 M Cr in OAm) by sonication and handled at room
temperature. Cr was added such that a 1.5 nm thick shell would be formed. After shell
addition, an average shell thickness of 2.0 nm was achieved as shown by the TEM in
Figure 4.3. The α-Fe cores were made the same way in all syntheses. The diameter of
the Fe cores (a), Fe/FeCr core/alloy (b), and oxidized Fe/FeCr core/alloy NPs were 17 ±
1.4 nm, 20 ± 2.2 nm, and 22 ± 3.0 nm, respectively. The average core size was almost
exactly the size used to determine the appropriate amount of Cr precursor to add for a
shell thickness of 1.5 nm. The increase in diameter after shell addition indicates an
average shell thickness of approximately 1.5 nm, which isthe desired shell thickness of
1.5 nm. Oxidation of the Fe/FeCr core/alloy NPs exhibited a small change in diameter
and no void formation. This suggests that the shell was mostly Cr2O3 and just thick
enough to prevent Kirkendall diffusion.
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Figure 4.3.
TEM of Fe cores (a), Fe/FeCr core/alloy (b), and oxidized Fe/FeCr
core/alloy (c) nanoparticles for Synthesis 3, which utilized chromium (III)
acetylacetonate in oleylamine as the Cr precursor.
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A strong reducing agent, lithium aluminum hydride was used in Syn4. The
reducing agent was used to help reduce all of the precursors to their zero oxidation state
to facilitate nucleation and growth of the iron core, as well as nucleation of Cr onto the
core during shell deposition.

LiAlH4 was also used to keep the surface of the

nanoparticles reduced to avoid oxidation during the chromium shell addition. This was
done to help improve the precision of the chromium shell addition by maintaining a
reducing environment and ensuring that all of the chromium (III) was reduced to its zero
oxidation state. Syn4 was performed in the same manner as Syn3, but in Syn4 250 µL of
LiAlH4 (1.0 M in THF) was injected in excess at three points during the synthesis.
LiAlH4 was injected once directly before Fe precursor injection, before Cr shell
deposition, and once after all of the Cr precursor was injected, during annealing. TEM of
the Fe core, Fe/FeCr core/alloy, and oxidized core/alloy NPs are shown in Figure 4.3.
The average diameters of the spherical Fe core, Fe/FeCr core/alloy, and oxidized
core/alloy NPs were 17 ± 3.5 nm, 22 ± 2.5 nm, and 22 ± 1.8 nm, respectively. The
difference in diameter before and after shell addition equates to a shell thickness of
approximately 2.5 nm, which is thicker than the desired shell thickness. Due to the
increased shell thickness, heating the core/alloy particles open to air during oxidation
experiments did not result in Kirkendall void formation. The increase in NP average
diameter after oxidation, however, is indicative of growth of an oxide shell on the
periphery of the NPs. Deposition of a 2.5 nm Cr shell indicates that the reducing agent
played some role in improving the reactivity of the Cr precursor towards shell deposition.
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Figure 4.3. TEM of Fe cores (a), Fe/FeCr core/alloy (b), and oxidized Fe/FeCr core/alloy
(c) nanoparticles for Synthesis 4, in which the strong reducing agent, lithium aluminum
hydride was used to maintain a reducing environment for core synthesis and shell
addition.
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To probe the efficacy of the reducing agent, a smaller amount was used for Syn5.
Syn5 was performed in the same manner as Syn4, but in Syn5 250 µL of LiAlH4 (1.0 M
in THF) was injected only once directly before Fe precursor injection. The average
thickness of the resulting Fe/FeCr NP was approximately 1.2 nm, which was relatively
close to the desired shell thickness of 1.5 nm. Oxidation of these particles resulted in the
formation of NPs with core/void/shell morphology shown in Figure 4.4. The void is
relatively thin due to the shell thickness being just thin enough to allow for Kirkendall
diffusion. Utilization of both the strong reducing agent and Cr(acac)3 as the precursor
resulted in addition of the nearly desired chromium shell thickness. Controlling the
amount of reducing agent used shows potential to control reactivity of the Cr precursor
for shell deposition.
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Figure 4.4. TEM of the oxidized Fe/FeCr nanoparticle from Synthesis 4. Kirkendall
void formation and coalescence is observed, which is expected with shell thicknesses less
than 1.5 nm. The average shell thickness was approximately 1.2 nm.
Thermogravimetric analysis (TGA) of the Syn5 NPs, shown in Figure 4.4, was
used to investigate the organic shell of the core, core/shell, and oxidized core/void/shell
nanoparticles. Theoretical calculations based on size, mass, and surface area of the
nanoparticles and also the assumption that oleylamine forms the organic shell were used
to determine the number of capping ligands per nanoparticles. Approximately 4,921
(8.7% mass) OAm molecules per core, 7,261 (7.4% mass) OAm molecules per core/shell,
and 8,674 (15.8% mass) OAm molecules per core/void/shell make up the organic shell.
Experimental calculations show that 59%, 61%, and 72% of mass is organic material for
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the core, core/shell, and core/void/shell nanoparticles, respectively. Mass loss begins to
occur at approximately 150 °C. This first decline in mass may be due to decomposition
of left over metal acetylacetonate precursor, meaning that OAm may not be the only
organic layer capping ligand. Significant mass lass shows that ligand and unreacted
material remain bound to the surface of the particles even after oxidation and extensive
cleaning.

alpha-Fe
Fe/Fe(1-x)Cr(x)
Fe/Fe(1-x)Cr(x)O

Weight Percent
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80
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40
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200
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Temperature (°C)
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Figure 4.5. Thermogravimetric analysis of Fe cores (black), Fe/FeCr core/alloy (red),
and oxidized Fe/FeCr core/alloy (green) nanoparticles for Synthesis 4. Mass loss
beginning at approximately 150 °C may be due to left over metal acetylacetonate
precursor. The oxidized Fe/FeCr nanoparticle lost the most mass, which was expected
due to the nanoparticle having a lower mass due to void formation.
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To help promote alloying of the Fe/Cr shell, Syn6 was performed similarly to
Syn4, except both Fe and Cr precursors simultaneously during shell growth. Iron (III)
acetylacetonate dissolved in oleylamine (0.1 M Fe(acac)3 in OAm) was used as the iron
precursor and the same Cr(acac)3 precursor was used.

Theoretically, simultaneous

addition of both Fe and Cr precursors should allow for direct alloying on the surface of
the Fe core, rather than relying on diffusion of Cr in and Fe out during the annealing
process. TEM of the Fe core, Fe/FeCr core/alloy, and the oxidized Fe/FeCr core/alloy
nanoparticles are shown in Figure 4.6. Average diameters for the core, core/alloy, and
oxidized core/alloy NPs were calculated to be 10 ± 0.7 nm, 11 ± 0.8 nm, and 13 ± 1.3 nm,
respectfully.

Surprisingly, although the synthetic conditions were identical to the

previous five syntheses, the Fe cores had an average diameter of about 7 nm less than the
previously synthesized cores. A very thin shell, approximately 0.5 nm, was added to the
Fe core NPs, there the particles exhibited Kirkendall void formation after oxidation. The
oxidized core/alloy NPs are shown in Figure 4.7 as well as Fig. 4.6, c.
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Figure 4.6. TEM of Fe cores (a), Fe/FeCr core/alloy (b), and oxidized Fe/FeCr core/alloy
(c) nanoparticles for Synthesis 6, in which chromium (III) acetylacetonate and iron (III)
acetylacetonate shell precursors were used simultaneously to help improve control over
FeCr shell growth and alloying.
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Figure 4.7. TEM of the oxidized Fe/FeCr nanoparticle from Synthesis 5. Kirkendall void
formation and coalescence is observed, which is expected with shell thicknesses less than
1.5 nm. The average shell thickness was approximately 0.35 nm.
Taken together the results indicate the effectiveness of chromium (III)
acetylacetonate as an effective precursor for shell addition. In Chapter 2 we showed that
use of a divalent Ni precursor resulted in the formation of heterostructured NPs due to
galvanic exchange. Here, galvanic exchange is not possible due to an insignificant redox
potential between Fe0 and Cr3+ (ΔE = -0.3 eV). Still, the Cr precursor must be reduced to
allow for Cr deposition and subsequent FeCr allow. In Chapter 2, we also described the
ability of HDACl to act as a mild reducing agent. HDACl must also be playing that role
here to allow for Cr deposition. Utilization of a reducing agent, lithium aluminum
hydride, increased the reactivity of the Cr precursor towards shell deposition.

The
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reducing agent most likely reacted with leftover water in the reaction vessel to produce
lithium oxide and hydrogen gas, eliminating potential oxidizing agents in solution.
Evolution of hydrogen gas then may have played a direct role in reducing the Cr (III)
precursor to allow for shell deposition. Simultaneous addition of Fe and Cr precursors
did not appear to increase control over shell deposition. This is most likely due to the
possibility that the Fe (III) precursor can effectively etch the core, disabling the potential
for Cr deposition.

4.4

Conclusions
Chromium (III) acetylacetonate dissolved in oleylamine by sonication has been

shown to be an effective precursor for Cr shell deposition onto α-Fe core nanoparticles.
Utilization of a reducing agent by injection at multiple points through out the synthesis
improves the reactivity of the Cr precursor, allowing for even greater control over Cr
shell deposition. Simultaneous addition of Fe (III) and Cr (III) precursors did not result
in improved shell deposition and alloying. The results shown here indicate progress in
control over shell deposition and subsequent alloying in core/alloy nanoparticle synthesis.
Improving control over shell deposition and alloying will allow for successive control
over oxidation related morphological changes.

As seen in Chapter 3, control over

symmetrically and asymmetrically deposited Ni results in symmetric or asymmetric
morphologies after oxidation. The work shown here demonstrates the ability to deposit
Cr symmetrically onto α-Fe core nanoparticles, which allows for control over Kirkendall
void formation.
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Chapter 5
Synthesis and Characterization of Doped and Intrinsic
Semiconductor Nanocrystals
In this Chapter I switch gears to discuss early work involving the synthesis of
quantum dots and doping of Mn into ZnSe quantum dots. The unique optical and
electronic properties of semiconductor nanoparticles, quantum dots, have made them and
attractive option for bio-imaging, photovoltaic, and self-assembly applications. Their
photophysical properties can be enhanced in a variety of ways. Core/shell quantum dots
exhibit relatively high quantum yields. Similar to bulk semiconductors, doping quantum
dots with impurities allows for the modification of magnetic, electronic and optical
properties of the semiconductor. Doping with nontoxic metals, such as manganese,
improves the potential for use in biological applications. In this work, various core shell
CdSe/CdS, CdSe/ZnS, and CdSe/CdS/ZnS nanocrystals and Mn-doped ZnSe were
synthesized and characterized.

5.1

Introduction
Quantum dots (QDs) exhibit very interesting size-dependent optical properties,

which have made them a very well researched area over the past 20 years. QDs exhibit
very unique photophysical properties that are between those of discrete molecules and
bulk semiconductors. These unique photophysical properties allow QDs to be used in
bio-imaging1,2, drug delivery3, photovoltaic4,5, laser6, LED7, and self-assembly
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applications8. The phenomenon that gives rise to the photophysical properties of QDs is
known as quantum confinement.
As described by molecular orbital theory, bonds are formed by the overlap of
atomic orbitals to form discrete molecular orbitals consisting of bonding and antibonding molecular orbitals. The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are known as the frontier orbitals. As
molecules transition to solids, they form electronic bands where the electrons occupy the
valence band, which is formed by the bonding molecular orbital, and the anti-bonding
molecular orbitals form the conduction band. The energy difference between the valence
and conduction band is known as the band gap energy (Eg). Semiconductors have band
gap energy between that of a conductor (Eg≈0) and an insulator (Eg ≥ 6 eV). Electrons
can be excited from the valence to the conduction band by photons of energy greater than
the band gap energy to produce quasiparticles known as excitons. Excitons are the
electron/hole pair that is formed by the excited electron moving to the conduction band,
leaving behind a positively charged hole. The electron and hole are attracted to each
other by a coulombic interaction and the electron can recombine with the hole by
emission of a photon (fluorescence or phosphorescence) equal in energy to Eg.
The electron and positive hole of an exciton are separated by the exciton Bohr
radius.9 When the particle size is reduced to the nanoscale, an unusual phenomenon
occurs in which the exciton size is able to exceed the crystal dimensions. In order to fit
into the nanocrystal the charge carriers assume higher kinetic energy leading to an
increasing band gap energy, which results in the quantization of the energy levels to
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discrete values. Splitting of the levels occurs due to electron crowding. This is the
phenomenon known as quantum confinement.10 In other words, as the size of the particle
decreases, the energetic structure changes from band-like to discrete levels. Due to the
quantum confinement effect, the band gap energy increases as the size of the particle
decreases (blue-shifted emission).11 Figure 5.1 shows a schematic diagram of how the
quantum confinement effect changes the energetic structure as the size of a particle
decreases.

Figure 5.1. Schematic diagram showing the change in energetic structure due to the
quantum confinement effect for various sizes of CdSe.
A few methods are available for the synthesis of quantum dots.12-15 The hot
injection method is a popular method in which a high boiling temperature organic solvent
is used to dissolve one of the quantum dot precursors, such as a cadmium source
(typically Cd2+ carboxylates) and the other precursor is injected at high temperature, such
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as the selenium source (typically Se2- trialkyl phosphines), to form CdSe QD’s. Figure
5.2 shows a general reaction mechanism for the synthesis of CdSe QDs.4
Se
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Figure 5.2. The general mechanism for the synthesis of CdSe core quantum dots.

The use of a high boiling point solvent, such as octadecene (ODE), allows for tuning of
reaction temperature over a wide range. The temperature and composition of the solvent
affect the shape and the kinetics of the growth of the nanocrystal. The solvent serves two
purposes: 1) To solubilize and disperse the nanocrystal and reactants involved in the
growth process and to bind and unbind dynamically on the surface of the growing crystal,
and 2) To host the ligands. Ligands also assist in the growth process by binding and
unbinding dynamically to the surface of the growing crystal and also serve to passivate
the surface of the crystal and reduce the possibility of charge carrier trap states. Typical
ligands are trialkyl phospines and primary amines, tri-octylphosphine oxide (TOPO) and
dodecylamine (DDA). Ligands help to keep the nanocrystal soluble in ODE and other
organic solvents.10
The overall properties of quantum dot cores can be enhanced by addition of an
inorganic shell. In general, a shell material is chosen that has similar crystallographic
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properties to that of the core to promote epitaxial growth and that has a greater band gap
energy to promote stronger confinement of the core excitons. Epitaxy is the deposition of
a crystalline overlayer on a crystalline substrate where the overlayer is compatible with
the substrate. In other words, the overlayer has a complementary morphology to the
substrate with minimal lattice strain to prevent the formation of defects in the
nanocrystal. Core/shell type nanocrystals exhibit higher luminescent efficiency than
cores alone. Figure 5.3 shows a general reaction for shell addition onto CdSe core QDs
to form CdSe/CdS or CdSe/ZnS core/shell QDs.13
cycle
alternating injections

CdS or ZnS
CdSe

Cd2+/Octylamine or
S/ODE
Zn2+/Octylamine
amine/ODE
240 °C
Ar

CdSe

Figure 5.3. General procedure for the addition of CdS or ZnS shell to a CdSe core
quantum dot.
Another relatively advantageous way to manipulate the properties of quantum dots is to
dope them with impurites. As with bulk semiconductors, impurities have the ability to
modify magnetic, electronic, and optical properties of the nanocrystal semiconductors by
occupying defect sites or replacing cations/anions in the crystal lattice, introducing new
energy states for charge carriers16. These new energy states typically exist within the
band gap of the host semiconductor nanocrystals. Also, doping with biologically relevant
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precursors such as manganese, cobalt, and copper helps reduce the toxicity of
nanocrystals, making them appropriate for bio-applications.

Nanocrystal doping is

typically done by a process known as growth doping in which an impurity, such as
manganese, will be placed in specific locations throughout a given host material, such as
CdS, ZnSe, or Au, as the host material grows18. Doped quantum dots exhibit a different
type of emission, which is generally characterized by fast energy transfer from the host
material to the dopant excited states, which lies in the band gap of the host material.
Emission then occurs from the dopant excited state16. This type of emission typically
results in a large Stoke’s shift, which is not normally seen in QDs. Figure 5.4 shows a
schematic diagram of the photophysics of a Mn doped ZnSe QD.
En
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Figure 5.4. Photophysics of a Mn doped ZnSe quantum dot. Absorption results in
excitation of the ZnSe host. Energy is transferred to the dopant excited state and the
excited host undergoes non-radiative relaxation. Emission ocurrs from the dopant excited
state.
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Our group focuses on the synthesis, fabrication, characterization, and
functionalization of nanoparticles for use in biomimetic assembly, energy transfer, and
forensic applications.

For example, other members of the group have assembled

quantum dots by direct attachment of oligonucleotides.19 This type of assembly has
potential forensic and sensing applications. Other members of the group showed that
efficient bioluminescent resonant energy transfer (BRET) is observed between the
bioluminescent protein, Luciferin, and quantum rods.28 This type of assembly has
applications in greener alternatives for electronics or LED’s. The quantum dots and
quantum rods are synthesized by various methods, such as the previously discussed hot
injection method29, aqueous synthesis30, and also a novel hydrothermal route that utilizes
microwave irradiation as the energy source31. The key to ensuring the effectiveness of
the quantum dots in some of these potential applications is to synthesize high quality,
highly luminescent quantum dots.
In this study, the synthesis of doped and intrinsic core/shell quantum dots was
investigated with intent of learning the basics of quantum dot synthesis as well as
maximizing the quantum efficiency for potential functionalization and self-assembly
applications. Various sizes of CdSe cores and CdSe/CdS core/shell QDs were prepared
and analyzed. The affect of annealing time on CdSe quantum yield (QY) was
investigated.

Manganese doped ZnSe quantum dots were also prepared and

characterized.
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5.2

Experimental

5.2.1

Synthesis

CdSe Synthesis:

Cadmium oxide (CdO, 0.025 g), oleic acid (OA, 0.5 mL) and

octadecene (ODE, 3.5 mL) are heated to 200 °C under Ar atmosphere in a four-neck
round-bottom flask to obtain a colorless solution. Next, the mixture was allowed to cool
to room temperature, followed by addition of DDA (1.5 g) and TOPO (0.5 g) to the
mixture and degassing at 125 °C for 30 minutes. The reaction was then heated to an
injection temperature of 180-280 °C. The selenium precursor (0.175 g Se in 1.0 mL
TBP) was injected upon reaching the injection temperature and the core was annealed
approximately 20 °C below the injection temperature. The reaction was terminated by
cooling to room temperature and approximately 20 mL of hexane was added to the
mixture. The cores were cleaned by washing with ethanol to remove excess amine and
unreacted precursors.
CdS or ZnS Shell Growth: Cd (0.2 M Cd(OAc)2 in oleylamine), Zn (0.2 M Zn(OAc)2 in
oleylamine) and S (0.2 M S in ODE) precursors were prepared and purged with Ar to
remove remaining air. The amount of precursor needed for shell growth was calculated
for a desired shell thickness. Approximately 5 mL of the CdSe/hexane was redispersed
in ODE and the hexane was removed from the system by rotary evaporation. DDA (1.0
g) and TOPO (0.5 g) were added to the mixture and the shell overgrowth temperature was
typically set at 20 °C below the annealing temperature under Ar atmosphere. For CdS
shell growth, the calculated amounts of precursor were split into 4 or 5 separate injections
each, allowing 15 minutes for annealing between each injection. The reaction was
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terminated by cooling to room temperature. The CdSe/CdS were precipitated in acetone
and then redispersed in chloroform.
MnSe/ZnSe Synthesis: Manganese stearate (MnSt2, 0.05 g), octadecylamine (ODA, 0.75
g) and ODE (12.5 mL) were degassed in a four-neck round-bottom flask at 125 °C for 23 hours.

Meanwhile a Zn oleate (20 mL) precursor was prepared and degassed

simultaneously. The Mn solution was then heated to an injection temperature of 280 °C.
The Se (0.2 g Se in 2.0 mL TOP) precursor was injected upon reaching the injection
temperature and the core was allowed to anneal at 260 °C for 1 hour. The temperature of
MnSe cores was reduced to 240 °C and the Zn precursor was injected in 2 mL aliquots
allowing 15 minutes between each injection for annealing. Each injection represents one
growth step or one shell layer.

The reaction was terminated by cooling to room

temperature and the MnSe/ZnSe quantum dots were extracted in hexane and cleaned with
methanol.
5.2.2

Instrumentation
All absorption data was acquired using a Varian Cary Bio100 UV-Visible

Spectrophotometer with a scan rate of 3000 scans per nanometer. All emission data was
acquired using a Fluormax04 Spectrofluorometer with 2 nm Slit widths. All quantum
yields were calculated using Rhodamine 6 G as a reference. All TEM micrographs were
obtained using a JEOL 2000EX transmission electron microscope.

FTIR data was

acquired using a Nicolet 6700 FTIR. All TGA data was obtained using a Perkin Elmer
Pyris1 TGA. Powder XRD patterns were taken on a Bruker D8 Advance powder
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diffractometer using Cu Ka radiation (k = 1.5406 Å). The diffraction (Bragg) angles 2θ
were scanned at a step of 0.04° with a scan speed of 20 s/step.

!
!

152

5.3

Results and Discussion
Three different sizes of CdSe cores were synthesized. The only parameter that

was varied in the synthesis was the annealing time. The longer the cores were allowed to
anneal, the larger they became. From this it was determined that longer annealing times
allow for larger core sizes and potentially higher QYs. Absorption and emission of the
three cores is shown in Figure 5.5. The results were as expected. As the size increased,
the band edge absorption and emission were red-shifted. Spectral data and QY for each of
the cores is shown in Table 5.1.

Figure 5.5. (left) The absorption spectra of the three synthesized CdSe cores. (right) The
emission spectra of the three synthesized CdSe cores when exciting at 400 nm.
Table 5.1. Spectral data for the synthesized CdSe QDs of various sizes.
Diameter
(nm)
3.1
3.7
4.2

λmax
(nm)
554
576
591

λemission
(nm)
570
586
604

Extinction
Coefficient (M-1cm-1)
1.27 x 105
1.91 x 105
2.64 x 105

Quantum
Yield
2.1%
7.3%
9.9%

Stock [QD]
(M)
4.87 x 105
1.83 x 105
2.10 x 105

The spectra also exhibit the unique optical features of quantum dots.

As

previously stated, absorption of a photon by a QD occurs if the energy of the photon is
greater than the band gap of the QD. Decreasing particle size results in a hypsochromic
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(blue) shift of the band edge absorption, due to the quantum confinement effect. The
band edge absorption is the relatively sharp absorption peak near the absorption onset.
This corresponds to the first excitonic peak, or the lowest excited state having a large
enough oscillater strength. The position of this peak depends on the band gap and,
consequently, the particle size. The broader peaks at shorter wavelengths correspond to
excited states of higher energy. The broadness of the band edge absorption and emission
peaks indicate that there is a size distribution of particles. The diameter and extinction
coefficients of the particles were calculated using equations developed by Peng et.al. 18
CdSe: D = (1.6122 × 10-9)λ4 - (2.6575 × 10-6)λ3 + (1.6242 × 10-3)λ2 - (0.4277)λ
+ (41.57)

ε = 5857 (D)2.65

(Equation 1)
(Equation 2)

CdS shells were then added to each of the cores. The shells were added by the SILAR
method as described in the Materials and Methods section. The results of the shell
addition are shown in Table 5.2. As expected, the quantum efficiency had increased
significantly and the band edge absorption and emission peaks were red shifted. The
results were consistent with the quantum confinement theory that as the particle grows in
size the band gap energy decreases.
Table 5.2. Spectral data for the synthesized CdSe QDs of various sizes after CdS shell
addition
Core
~ CdSe/CdS
Shell
λmax
λemission
Quantum Yield
Diameter
Diameter
Thickness
(nm)
(nm)
(nm)
(nm)
(nm)
3.1
4.0
0.45
603
612
41.2%
3.7
4.7
0.50
623
631
37.4%
4.2
6.2
1.0
628
636
45.4%
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The 3.1 nm and 4.2 nm CdSe cores and their corresponding CdS core/shell
structures were imaged via transmission electron microscopy (TEM) and are shown in
Figure 5.6 and Figure 5.7, respectively. The measured sizes of the quantum dots were
relatively close to the estimated sizes with the exception of the 3.1 nm CdSe core. The
actual size of the quantum dot was measured to be 4.2 ± 0.81 nm. The inconsistency may
be due to a phenomenon known as Ostwald ripening, in which smaller particles dissolve
and incorporate themselves into larger ones20. Both the core and core/shell quantum dots
appear to be spherical in nature, suggesting that they have a cubic zinc blende crystal
structure. The spherical nature of the core and core/shell quantum dots also indicates that
epitaxial growth of the shell had occurred.
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Figure 5.6. (a) 4.2 nm CdSe core quantum dots, (b) 4.2 nm CdSe core quantum dots with
0.45 thick CdS shell.
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Figure 5.7. (a) 4.2 nm CdSe core quantum dots, (b) 4.2 nm CdSe core quantum dots with
1.0 nm thick CdS shell.
Powder X-Ray diffraction of the 4.2 nm core was performed to determine the
crystal structure of the QDs synthesized via the method shown in Fig. 5.2.

The

diffraction pattern confirmed that the quantum dots have zinc blende morphology.
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Reflections at angles of 26.4°, 42.8°, and 49.5° correlate to <111>, <220>, and <311>
planes, respectively, of ZB CdSe.

Due to the cubic shape of the zinc blende unit cell,

nucleation and growth of zinc blende nanoparticles is characterized by symmetric growth,
hence the spherical nature of the particles as seen in the TEM micrograph.

Figure 5.8. XRD of the 4.2 nm CdSe core quantum dots synthesized at 240 °C. The
diffraction pattern indicates that the CdSe quantum dots have a zinc blende crystal
structure.
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It is ideal to have the highest quantum yield possible when functionalizing a
quantum dot for energy transfer applications. In an attempt to try to increase the QY of
the synthesized dots, the effect of annealing time on the QY of a CdSe core was
investigated. In theory, annealing should allow time for QD crystal structure to achieve
its most efficient packing and also for the surface to become sufficiently passivated with
ligand to achieve the maximum quantum yield. The CdSe core was prepared at 280 °C,
but was allowed to anneal at 180 °C for a prolonged period of time. The results of the
experiment are shown in Figure 5.9. The QYs were fairly high for a core. At 45 hours an
aliquot was removed and calculated to have a QY of 54.0%. The QDs were then cleaned
by methanol extraction and the QY was decreased to 16.1%. A quantum yield of 16% is
still relatively high for a core. It is possible that during cleaning some of the ligands are
being removed from the surface of the quantum dot creating trap states for charge
carriers. Also when cleaning, the excess ligand in solution is lost. Studies have shown
that the highest quantum yields of amine-covered quantum dots are observed in solutions
with excess ligands.22,23 This is most likely due to a dynamic equilibrium between the
ligands of the QD surface and the ligands in solution.24 The loss of the dynamic
equilibrium of ligands on the QD surface with ligands in solution could explain the
drastic decrease in quantum efficiency.
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Figure 5.9. The quantum yield of CdSe cores with respect to time synthesized at 280 °C
and annealed at 180 °C over a period of 45 hours. Fit equation: y= 29.234*x0.17221.
Ligand effects may not be the only cause for the significant increase in QY after
long annealing times. Longer annealing may provide the energy for the CdSe to enter the
metastable wurtzite phase.

Members of our group have demonstrated that wurtzite

quantum dots exhibit higher quantum efficiencies than zinc blende quantum dots.28
Synthesis of wurtzite quantum dot cores requires injection temperatures >300 °C. The
high temperature allows for the formation of a more crystaline structure, resulting in
higher photostability.33 CdSe cores were synthesized at injection temperatures of 360 °C
and TEM of the cores are shown in Figure 5.10. TEM shows that these quantum dots
have an ellipsoid, rather than spherical shape, suggesting that they have a hexagonal
wurtzite crystal structure. Quantum yield of zinc blende CdSe and CdSe/ZnS ranged
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between 2-10% and 15-22%, respectively, while quantum yield of wurtzite CdSe and
CdSe/ZnS ranged between 15-20% and 40-60% for core and core/shell morphologies,
respectively.

Figure 5.10. CdSe synthesized at injection temperature of 360 °C. The nanoparticles
have an ellipsoid shape, due to the hexagonal wurtzite crystal structure.
Powder XRD of the elipsoid CdSe cores, shown in Figure 5.11, was used to
confirm that the particles did indeed have a wurtzite morphology. Reflections at 24.7°,
41.8°, 45.6°, and 49.7° index well with the <002>, <110>, <103>, and <102> planes,
respectively, of wurtzite CdSe. Also, the <002> is larger than that of the corresponding
reference peak. This indicates preferred growth along this plane. Preferred growth along
this plane is the reason for the ellipsoid shape of these wurtzite QDs.
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Figure 5.11. XRD of 4.2 nm CdSe synthesized at 360 °C. The diffraction pattern of the
quantum dots indexes well with wurtzite CdSe.
Significant lattice strain between core and shell materials can result in lower
quantum efficiency. There is approximately 11% lattice mismatch between CdSe
substrate and ZnS shell for zinc blende systems. As the ZnS shell grows, the probability
of defect formation becomes greater, which may result in the formation of
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photogenerated charge carrier trap states that can lower quantum efficiency.21
Minimization of the lattice strain between core and shell materials should help improve
the quantum yield.

The lattice strain between wurtzite CdSe and wurtzite CdS is

approximately 3% and the lattice strain between wurtzite CdS and wurtzite ZnS is
approximately 7%.

Making core/shell/shell structures with a buffer region of CdS

between the CdSe and ZnS should reduce the possibility of defect formation and increase
the overall quantum yield. CdSe/CdS/ZnS core/shell/shell were prepared using the 4.2
nm wurzite CdSe cores. The resulting quantum dots are shown in Figure 5.12. The
CdSe/CdS/ZnS NPs maintained the ellipsoid shape, suggesting that were still wurtzite,
and exhibited quantum yields of up to 77%, the highest quantum achieved using this
synthetic method.

Figure 5.12. CdSe/CdS/ZnS core/shell/shell quantum dots. The ellipsoid shape suggests
that the core/shell/shell dots maintained the hexagonal wurtzite crystal structure.
Mangenese doped quantum dots were synthesized by a method known as
nucleation doping designed by the Peng et. al.25 In this method, all of the dopant ends up
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in the core, producing a MnSe/ZnSe core/shell type QDs. A general procedure for the
synthesis of these doped quantum dots is shown Figure 5.13.
Se
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R

O
Mn 2+
R
O 2
Mn 2+ precursor

+ RNH 2
amine

R
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Figure 5.13. The general procedure for the synthesis of MnSe/ZnSe doped quantum
dots.
Three doped dots were successfully synthesized with different ZnSe shell thicknesses.
The absorption and emission spectra are shown in the Figure 5.14.

Figure 5.14. (left) The absorption spectra of MnSe/ZnSe doped dots of varying ZnSe
shell thickness. (right) The emission spectra of MnSe/ZnSe doped dots of varying ZnSe
shell thickness when exciting at 350 nm.
Controlling the moisture was the most challenging part of this experiment. Too much
moisture resulted in fluorescence quenching. A small emission peak at approximately
425 nm was also observed, which most likely corresponds to the formation of undoped
!
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ZnSe nanocrystals. As the shell thickness increased, the QY and stability of the dots also
increased. The QYs of the 3, 5, and 7 layer ZnSe doped dots were calculated to be
3.03%, 13.13%, and 20.64% respectively when excited at 350 nm. The quantum yield of
the 3 and 5 layered doped dots decayed after a few days to about 1 and 6%, respectively,
while the 7 layered doped dot maintained its luminescence. This hints at the possibility
that the dopant may be diffusing out of the host material due to weak phonon coupling
and that a thicker shell helps prevent that from happening via stronger confinement.26
This also suggests that there may be significant lattice strain is between the core and shell
materials. Dopant may be exciting the ZnSe host nanocrystal via strain mediated ion
diffusion.
Another interesting observation was that the emission peak remained at
approximately 586 nm regardless of shell thickness. This confirms that the emission is
due solely to the dopant emission. It is clear that absorption is taking place in the region
of ZnSe absorption at 375nm. The doped system exhibits fast energy transfer from the
host material to the dopant excited state that is within the band gap of the host material25.
This may be why there is only an emission peak seen at 585 nm and not 425 nm (ZnSe).
The effect of excitation wavelength on quantum yield investigated for the 7 layered ZnSe
shell doped dot. The results are shown in Table 5.3. The quantum yield is greatest when
excitation occurs between 375 and 400 nm. This may be due to the fact that is the near
the first excitonic peak of ZnSe, therefore minimal nonradiative relaxation is necessary
before energy transfer occurs to the dopant.
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Table 5.3. Calculated quantum yield for MnSe/ZnSe doped dots when exciting at
various wavelengths.
Excitation Wavelength
(nm)
325
350
375
400
425
450

Emission Wavelength
(nm)
584
583
582
586
586
583

Quantum Yield
11.62%
20.64%
35.24%
36.14%
28.36%
22.28%

To further characterize the manganese-doped nanoparticle, another MnSe:ZnSe (5
Layer) was prepared. The synthesis of a doped nanoparticle was confirmed by the large
Stoke’s shift and characteristic emission of the dopant at 585 nm as seen in the
photolumenscence spectra in Figure 5.15. The sharp ZnSe host absorption peak suggests
a highly crystalline structure.
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Figure 5.15. Normalized absorption and emission of MnSe:ZnSe(5L). The absorption
peak at ~425 nm is due to absorption by the ZnSe host shell and emission at 585 nm is
characteristic of Mn-doped emission.
The MnSe:ZnSe (5L) doped QDs were imaged via TEM which is shown in Figure
5.16. Due to the formation of clusters, it was difficult to count and determine the acutal
size of the nanoparticle. The clusters may have formed on the grid due to the evaporation
of the solvent and coalescence of the long chain ligands on the surface.
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Figure 5.16. MnSe:ZnSe (5 Layer) nanoparticles. Clustering of the nanoparticles was
most likely due to coalescence of the long chain ligands on the surface as the solvent
evaporated.
Powder X-Ray diffraction, shown in Figure 5.17, was used to determine the
crystal structure of the doped nanoparticles.

The experiment revealed that the

MnSe:ZnSe (5L) was highly crystalline, defined by the tall and narrow diffraction peaks,
zinc blende crystal structure which is typical of quantum dots synthesized at 280 °C or
lower. The zinc blende peaks appear between those of pure ZnSe and pure MnSe. This
tells us a lot about the local environment of the dopant. As previously mentioned, the
dopant has the ability to diffuse through the host material towards the surface of the
nanoparticle. If all of the dopant remained in the core, the diffraction pattern should
mostly resemble that of the host material. In this case, the diffraction pattern shows
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peaks between the two pure substances, therefore the MnSe:ZnSe (5L) is most likely an
alloy. This would also describe the lower quantum yield of doped dots with a thinner
ZnSe shell. Dopant diffusing to the surface reduces the potential for energy transfer from
the host material to the dopant, resulting in lower quantum efficiency. The grain size of
the doped dot was estimated to be 3.30 nm using the Scherrer equation.

Figure 5.17. Diffraction pattern of MnSe:ZnSe (5L). The diffraction peaks are between
that of pure ZnSe and pure MnSe.
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Thermogravimetric analysis of the MnSe:ZnSe (5L), shown in Figure 5.18, was
performed to achieve a better understanding of the organic shell that encapsulates the
nanoparticle. The data suggests that the organic layer comprises approximately 87.5% of
the nanoparticle mass. The three possible ligands that could bind to the surface of the
nanoparticle in this reaction are octadecylamine, oleic acid, and stearic acid. For a NP
with a diameter of 3.3 nm, approximately 82 octadecylamine molecules could fit per
particle, assuming a circular footprint region of 0.2 nm and no alkyl chain interaction.
Theoretically, 82 ODA per 3.3 nm MnSe:ZnSe particle would equate to the organic shell
representing 88% of the total NP-ligand shell mass, which correlates very well with the
experimental value.
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Figure 5.18. Thermogravimetric analysis of MnSe:ZnSe (5L) reveals that there are
potentially three different ligands bound to the surface of the nanoparticle.
FTIR was performed on this sample to confirm that octadecylamine was the
primary ligand bound to the surface of the doped nanoparticle. The FTIR spectrum for
MnSe:ZnSe (5L) is shown in Figure 5.19. The spectrum for the doped nanoparticle
correlates strongly with the octadecylamine reference.

Primary amine vibrations are

seen at approximately 3300 cm-1 and the methylene group of the 18-carbon chain are
observed at 2910 cm-1 and 2850 cm-1 as well. Interestingly, a peak appears at 1630 cm-1
that cannot be attributed to the octadecylamine reference. This peak is closely related to
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the carbonyl of a carboxylic acid, suggesting that some oleic acid is still bound to the

Absorbance (normalized)

surface of the doped quantum dot.

Wavenumber (cm-1)

Figure 14. FTIR of MnSe:ZnSe (5L) suggesting that the primary capping ligand is
octadecylamine and that some oleic acid may also be bound to the nanoparticles.

5.4

Conclusions
Synthesis and characterization of intrinsic and doped semiconductor nanocrystals

has been demonstrated.

Long annealing times for zinc blende CdSe quantum dots

significantly increased their quantum yield. Wurtzite CdSe core and CdSe/CdS/ZnS
core/shell/shell morphologies resulted in quantum dots with the highest quantum yields.
The photoluminescent quality of MnSe:ZnSe doped dots was determined to be depend on
the ZnSe shell thickness.

The doped dots exhibit a zinc blende crystal structure

intermediate that of ZB ZnSe and ZB MnSe.

Octadecylamine and oleic acid were

determined to comprise the organic shell of the doped nanoparticles. Improving quantum
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yield in quantum dots is of significance for energy transfer and photovoltaic applications.
Doping in quantum dots provides a route to effectively engineer the bandgap on the
nanoscale similar to doping in bulk semiconductors. Bandgap engineering by doping or
alloying metals in NPs offers the opportunity to create nanomaterials materials with
unique electronic properties.

5.5
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Chapter 6
Summary and Closing Statements

In this thesis I have demonstrated to design core/alloy nanoparticles by
manipulation of phenomena such as interfacial oxidation and atomic diffusion via
galvanic exchange, Cabrera-Mott oxidation, as Kirkendall diffusion. In Chapter 2 I
demonstrated the fabrication of FeNi-M3O4 (M = Ni, Fe) heterostructures by deposition
of a Ni2+ precursor onto α-Fe core seed nanoparticles.

Due to a significant redox

potential, galvanic exchange occurs between Ni2+ and Fe0 at the seed nanoparticle
surface, resulting in deposition of metallic Ni islands on the see nanoparticle surface and
release of Fe2+ into solution.

Increasing the amount of Ni added results in the

coalescence of metallic Ni domains into a single metallic Ni lobe, and the oxidized Fe
coalesces into a large Fe3O4 domain. Alloying occurs at the metallic Fe-Ni interface to
form FeNi alloy, resulting in Ni-FeNi-M3O4 heterostructure nanoparticle formation. This
unique core/alloy heterostructure behaves as a ferromagnet, even though it is within the
superparamagnetic size range, due to the multiple domains exhibited by these
heterostructures. This novel synthetic route presents an opportunity to design novel
heterostructured core/alloy NPs depending on the redox potential between the seed
nanoparticle and deposition metal.
In Chapter 3 I demonstrated the ability to form novel hollow asymmetric and
symmetric FeNi/void/M3O4 (M = Ni, Fe) core alloy/void/oxide shell nanoparticles as
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well as Fe/FeNi/M3O4 core/alloy/oxide shell nanoparticles by oxidation of Fe/FeNi
core/alloy nanoparticles.

The symmetry of the hollow core/alloy nanoparticle void

formation could be controlled by the amount of Ni deposited onto the α-Fe seed
nanoparticle. Thick Ni shells resulted in the passivation of Kirkendall diffusion to form
core/alloy/oxide nanoparticles.

Superparamagnetic behavior was exhibited by these

nanoparticles before and after oxidation. Interestingly, the oxidized particles exhibited
increasing saturation magnetization with increasing alloy shell thickness, indicating the
ability to tune their magnetic properties. This novel synthetic route offers the potential to
design core/alloy nanoparticles of varying composition and morphology based on the
difference in diffusion rates, oxidation potential, and compatibility of the seed metal and
deposition metal.
Next, in Chapter 4, I demonstrated the ability of chromium (III) acetylacetonate
dissolved in oleylamine to act as an efficient precursor for Cr shell deposition onto α-Fe
core nanoparticles to fabricate Fe/FeCr core/alloy nanoparticles. Unlike the Ni precursor
in Chapter 2, this Cr precursor cannot undergo galvanic exchange with the Fe core
nanoparticle. It was determined that the Cr precursor is reduced by hexadecylammonium
chloride in solution to allow for symmetric addition of the Cr shell. As seen in Chapter 3,
shell thickness determines whether or not Kirkendall void formation can occur in the in
the Fe/FeCr core alloy nanoparticle. Thin alloy shells resulted in the formation of
nanoparticles with FeCr/void/M3O4 (M = Cr, Fe) core alloy/void/shell morphology after
oxidation. Deposition of a thick Cr shell resulted in the formation of Fe/FeCr/M3O4
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core/alloy/oxide shell nanoparticles. Formation of the outer oxide layer effectively acts
as a nano stainless steel, passivating the nanoparticles from further oxidation.
In my final study, in Chapter 5, I changed gears to discuss the synthesis of
quantum dots and doping in semiconductor nanocrystals.

Band gap energy was

effectively tuned in zinc blende CdSe quantum dots by changing their sizes by allowing
for longer annealing times. Addition of a CdS shell the nanoparticles significantly
increased their quantum yields due to stronger confinement of core excitons. Wurtzite
CdSe core and CdSe/CdS core/shell quantum dots exhibit even higher quantum yields.
Highest quantum yields were achieved in wurtzite CdSe/CdS/ZnS quantum dots due to
reduced lattice strain between core and shell materials. Nucleation doping of Mn into
ZnSe quantum dots resulted in the formation of MnSe/ZnSe core/shell quantum dots.
Energy transfer from the host material, ZnSe, to the Mn dopant excited state results in a
large Stoke’s shift.

Increasing the number of ZnSe layers increases the quantum

efficiency of these particles.

Doping into semiconductor nanocrystals presents an

interesting way to effectively engineer the bandgap of quantum dots.
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